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ABSTRACT 
 
Reconstructing Quaternary ice sheet erosion and dynamics across Baffin Island, Arctic Canada 
 
 
Kurt A. Refsnider  (Ph.D., Geological Sciences) 
 
Thesis directed by Professor Gifford H. Miller 
 
 
Evidence is poorly preserved in the geologic record for the evolution of Laurentide Ice Sheet 
(LIS) erosion, dynamics, and basal thermal regime patterns. It has been hypothesized that changes in LIS 
subglacial conditions and erosional efficiency drove the enigmatic mid-Pleistocene transition (MPT) from 
41- to 100-ka climate cyclicity. In this dissertation, a variety of archives and tools are used to explore the 
2.7+ Ma history of ice-sheet erosion on Baffin Island in the eastern Canadian Arctic and the possible role 
of the LIS in the MPT. 
We compile till geochemistry and cosmogenic radionuclide data to identify a coherent spatial 
pattern of fresh till and older, more weathered till on the landscape. We interpret the presence of such 
weathered till to be the result of an expansion in cold-based ice cover prior to 1 Ma, and by that time the 
fiorded Baffin Island coastline must have developed close to its modern configuration. 
Subglacially precipitated calcite crusts preserved at several sites on the interior plateaux of Baffin 
Island provide unique insight into LIS erosion during the last glaciation. U-series dating and O, C, and Sr 
isotope analyses reveal that the majority of erosion during the last glaciation must have occurred prior to 
25-15 ka, and the extent of cold-based ice expanded during deglaciation.  
The Clyde Foreland Formation (CFF) records at least seven Plio-Pleistocene glaciations. 
Combining amino acid racemization and 10Be-26Al isochron burial dating, we construct the first absolute 
chronological framework for the CFF. The oldest sediments are Early Pleistocene or latest Pliocene and 
contain an exceptionally high meteoric 10Be inventory consistent with regolith erosion. Younger tills both 
pre- and post-dating the MPT contain no detectable geochemical or mineralogical evidence of regolith 
erosion. 
	   iv	  
Regolith was most likely removed from beneath the Foxe Dome of the LIS prior to the MPT, and 
the subglacial deformation of such sediment was not responsible for any regional changes in ice sheet 
dynamics related to the MPT. However, changes in the LIS basal thermal regime on Baffin Island 
occurred coincident with or prior to the MPT and may have contributed to the MPT.	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CHAPTER 1. INTRODUCTION 
 
The erosion of bedrock and sediment by glaciers and ice sheets over million-year timescales can 
dramatically influence landscape evolution (Flint, 1947; White, 1972; Shuster et al., 2005), ice dynamics 
(Stokes and Clark, 2001; Kleman and Glasser, 2007; Passchier et al., 2010), climate (Calov et al., 2002; 
Clark et al., 1999), and regional isostasy (Lee et al., 2010; Pelletier, 2004). Directly related to the 
erosional efficiency of ice sheets and glaciers are spatial and temporal variations in the basal thermal 
regime that exert a fundamental control on basal sliding, basal sediment deformation, ice sheet geometry, 
the response of ice sheets to climate forcing, and the extent to which landscapes are modified by glacial 
erosion (Miller et al., 2006, 2010, 2002; Nelson, 1982; Passchier et al., 2010; Pelletier, 2004; RAND, 
1963; Roy et al., 2004a, 2007, 2004b; Shuster et al., 2005; Staiger et al., 2005, 2006). Due to the 
generally erosive nature of glaciers and ice sheets, however, geologic records of erosional patterns, basal 
conditions, and larger-scale ice sheet dynamics rarely extend back in time prior to the last glaciation.  
The landscape of the Eastern Canadian Arctic is one of the few regions where abundant terrestrial 
evidence of the spatial heterogeneity of ice-sheet erosion on million-year timescales is preserved. In this 
dissertation, I explore the Pleistocene (2.6 to 0.01 Ma) evolution of glacial erosion and related Laurentide 
Ice Sheet (LIS) dynamics on Baffin Island (Fig. 1). In this introductory chapter, I present a summary of 
the current state of knowledge of recent LIS erosion and dynamics in the region and the terrestrial records 
that have previously been used to investigate LIS behavior earlier in the Pleistocene. Finally, an outline of 
the dissertation is provided. 
 
1. A BRIEF HISTORY OF BAFFIN ISLAND CENOZOIC CLIMATE 
  Early Arctic expeditions returned with botanical evidence of a humid, mesothermal early Tertiary 
climate (e.g., Heer et al., 1868).  Subsequent research documented the existence of deciduous forests 
during the Paleocene and Eocene (McKenna, 1980; Basinger, 1991; Jahren and Sternberg, 2003), a warm 
Oligocene with Metasequoia (mean annual temperature [MAT] 13 to 24 °C; Greenwood et al., 2005). At 
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approximately this time, rifting of Greenland from Canada (beginning at ca. 45 Ma) and back-arc uplift 
(Balkwill et al., 1990) produced the mountains of eastern Baffin Island, and uplifted the plateaux of 
central and western Baffin Island with its mantle of Paleozoic sedimentary strata. Subsequent faulting 
created grabens that have evolved into the major straits and sounds of the region (Fig. 1; Hudson Strait, 
Cumberland Sound, and the Gulf of Boothia; MacLean, 1985). Carboniferous forests across the Canadian 
High Arctic persisted into the Pliocene (MAT 9 to 10 °C warmer than modern; Vincent, 1990; Elias and 
Matthews, 2002). Relatively warm temperatures and forest vegetation during most of the Cenozoic would 
have resulted in deep bedrock weathering and soil development over low-relief, stable Arctic landscapes 
prior to the onset of continental glaciation. As recently as ca. 3 Ma, temperatures in the region were 
considerably warmer than present Fyles et al., 1991; Dowsett et al., 1999; Elias and Matthews, 2002). But 
by 2.7 Ma, the onset of Northern Hemisphere continental glaciation is recorded by widespread ice-rafted 
debris in marine sediments (Raymo, 1994). 
 
2. BAFFIN ISLAND ICE DYNAMICS AND EROSION DURING THE LAST GLACIAL CYCLE 
During the last glaciation, Foxe Dome of the LIS, the smallest of the three LIS domes, covered 
Baffin Island (Fig. 1). Ice sheet inception occurred over the coastal mountains of Baffin Island, and as the 
LIS grew, the dome migrated south, becoming centered over the Foxe Basin by the last glacial maximum 
(LGM; Kleman et al., 2010). Ice from the Foxe Dome flowed north and east, with major ice streams 
flowing into Hudson Strait, Cumberland Sound, and the Gulf of Boothia (Andrews et al., 1985; Dredge, 
2000; Kaplan et al., 2001) while smaller ice streams carried ice directly across Baffin Island and through 
the fiorded coastal mountains to calving margins in Baffin Bay (Tippett, 1985; Miller et al., 2002; Briner 
et al., 2003; De Angelis and Kleman, 2007).  
 Foxe Dome ice thickness has been a controversial topic for several decades (Miller et al., 
2002 and references therein). Evidence of highly weathered bedrock and surficial sediments on summit 
surfaces (Figs. 2a and 3) in the coastal mountains of Baffin Island resulted in the weathering zone 
hypothesis (Fig. 2b), postulating that this high topography remained above the glacial limit for successive  
2
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Figure 1. Baffin Island shaded relief and location map. Inset map illustrates the extent of the Laurentide 
Ice Sheet and the approximate ice divide (dashed line) delimitating the boundary of the Foxe Sector. 
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glaciations (Løken, 1966; Ives, 1966, 1975; Boyer and Pheasant, 1974). The presence of glacial erratics 
atop weathered bedrock, however, challenged this hypothesis (Sugden and Watts, 1977; Sugden, 1978), 
and recent cosmogenic radionuclide (CRN) studies have demonstrated that the weathered upland surfaces 
were in fact covered by ice during the last glaciation, but this ice was cold-based and non-erosive (e.g., 
Bierman et al., 1999; Kaplan et al., 2001; Briner et al., 2003, 2006; Davis et al., 2006; Staiger et al., 
2006). There remains evidence, though, that some topography remained above the LIS limit during the 
last glacial cycle (Steig et al., 1998; Wolfe et al., 2000). Highly erosive ice was present within fiords, 
fiord onset zones, and larger ice streams, and along the Foxe Basin coast (e.g., Andrews et al., 1985; 
Briner et al., 2003, 2008), and non- or minimally erosive ice was primarily restricted to inter-fiord regions 
(Andrews et al., 1985; Bierman et al., 1999; Marsella et al., 2000; Kaplan et al., 2001; Davis et al., 1999; 
Briner et al., 2003, 2008; Miller et al., 2006; Staiger et al., 2006). The duration of warm-based ice cover 
and efficient glacial erosion during the last glacial cycle also remains unknown, but as a result of changes 
in ice thickness due to ice sheet growth (Marshall and Clark, 2002) or drawdown related to ice streaming 
(Kaplan et al., 1999, 2001), ice thickness, basal thermal regime patterns, and subglacial erosion efficiency 
would not have been static. 
 Following the LGM, ice of the Foxe Sector was slow to recede. By 8 ka, marine inundation of 
Foxe Basin led to the collapse of the Foxe Dome, and the interior plateaux of Baffin Island remained 
extensively glaciated until 6 ka (Dyke, 2004). The Barnes and Penny ice caps (Fig. 1) contain the last 
documented remnants of Pleistocene ice in the eastern Canadian Arctic (Hooke, 1976; Hooke and 
Claussen, 1982; Fisher, 1998). Small, predominantly cold-based ice caps on the highest topography of the 
interior plateaux and in the coastal mountains formed during mid- to late Holocene cooling (Anderson et 
al., 2008; Miller et al., 2010).
4
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Bedrock weathering. A. Large weathering pits (weathering zone I) in bedrock in the coastal 
mountains. Note crack hammer for scale. B. The vertical relationships of the weathering zones. The 
highest peaks here are near 1,600 m a.s.l. Weathering zone I is characterized by extensively weathered 
surfaces, whereas bedrock surfaces in weathering zone 3 are generally glacially polished or scoured. After 
Boyer and Pheasant (1974) and Ives (1975). 
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Figure 3. Baffin Island surfaces. A. Extensive surfaces previously identified as possible remnants of the 
Pliocene landscape (RAND, 1963). B. Photograph looking across a series of fiords at concordant summits 
forming part of the Penny surface shown in A. 
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3. LONGER RECORDS OF ICE DYNAMICS AND EROSION 
 While the LIS history, dynamics, and erosion during the last glacial cycle have been extensively 
investigated, the preceding 2.6+ Ma of glaciation in the region has remained largely unexplored. 
Terrestrial records spanning this interval are rare due to the erosive nature of subsequent glaciations, and 
available marine sediment records integrate ice-sheet erosion over a broader region (e.g., Andrews, 1993; 
von Blanckenburg and Nägler, 2001; van de Flierdt et al., 2002; Farmer et al., 2003), limiting their utility 
for more spatially-focused studies. The meager record of the evolution of Foxe Sector ice dynamics and 
the Baffin Island landscape due to glacial erosion through the Pleistocene consists of widely scattered 
evidence of bedrock and colluvium with CRN exposure-burial histories spanning multiple glacial-
interglacial cycles (e.g., Bierman et al., 1999; Briner et al., 2006b; Staiger et al., 2006) and numerical 
modeling of hypothetical scenarios of the effects of ice-sheet erosion (Clark and Pollard, 1998; Kessler et 
al., 2008). The subglacial thermal regime exerted a strong control on the spatial distribution of erosion, 
and fiord development, allowing warm-based ice streams to efficiently carry ice through the coastal 
mountains, resulted in focused erosion (Sugden, 1978; Kessler et al., 2008). Conversely, regions overlain 
by cold-based ice likely experienced little or no ice-sheet erosion during the Pleistocene.  
The net amount of Pleistocene glacial erosion done by the LIS has been debated for decades 
(Flint, 1947; White, 1972) and remains poorly constrained. Erosional products from the Foxe Dome have 
only created small trough mouth fans in Baffin Bay relative to the fans off West Greenland (Fig. 4). The 
only evidence of remnant preglacial landforms or surficial materials on Baffin Island comes from two 
sites. One is on the concordant surfaces in the coastal mountains (RAND, 1963) where Staiger et al. 
(2006) collected two colluvium samples that have CRN inventories consistent with nearly continuous 
burial by ice or sediment during the Pleistocene. The second site is in the Rimrock Hills on the interior 
plateaux upon which soft carbonate deposits bearing Tertiary palynomorphs are exposed (Andrews et al., 
1972). Thus, it has been assumed that preglacial regolith has been removed from the Baffin Island 
landscape, and Tertiary landforms have been reshaped by the Foxe Sector during the Pleistocene. The 
efficiency of these processes are of particular interest because the presence of deformable preglacial 
7
regolith and sediment at the bed during Early Pleistocene glaciations could have accelerated ice flow and 
affected LIS response to climate forcing (i.e., Clark and Pollard, 1998), but the residence time of such 
material on the landscape is unknown.	  	  
Empirical terrestrial evidence of changes in the southern LIS and Fennoscandian Ice Sheet 
erosion and dynamics during the Pleistocene is sparse but increasing. Sedimentary deposits along the 
southern LIS margin representing numerous advances throughout the Pleistocene have been identified 
(e.g., Boellstorff, 1973; 1978; Mickelson and Colgan, 2003; Balco, 2004; Roy et al., 2004a; 2004b; 2007; 
Balco and Rovey, 2010). These studies have resulted in a rudimentary understanding of ice flow lines, 
erosion of preglacial regolith, and southern LIS dynamics, although there remains some disagreement 
among these studies (i.e., Balco, 2004; Roy et al., 2004b; Balco and Rovey, 2010).	  Evidence of ancient 
landscapes being preserved beneath ice sheets is growing (Kleman, 1992; Kleman and Hättestrand, 1999; 
Fabel et al., 2002; Hall and Glasser, 2003; Marquette et al., 2004; Staiger et al., 2005; Harbor et al., 
2006), and the existence of Tertiary landforms in Scandinavia demonstrates that perpetual cover by cold-
based ice during successive glaciations through the Pleistocene is possible (Goodfellow, 2007). These 
studies have shaped our current understanding of relevant processes, possible sources of evidence, and 
appropriate tools, but sufficient empirical data are unavailable for any of the continental ice sheets to 
allow for reconstructions of past of ice sheet dynamics and the progression of erosion through the 
Pleistocene.  	  
4. DISSERTATION GOALS AND FORMAT	  
The purpose of this research is to build on the limited existing knowledge of the development of the 
modern Baffin Island landscape, the evolution of Pleistocene ice sheet erosion in the region, and whether 
or not these changes may have exerted any broader influence on LIS dynamics or global climate cyclicity. 
Six campaigns during four summers on Baffin Island resulted in a wealth of field observations and 
hundreds of rock, sediment, and fossil collections. The emphasis of this research program has been placed	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Figure 4. Topography and bathymetry of the Baffin Island and Greenland regions. Note the extensive 
trough-mouth fans along the West Greenland coast and the notably smaller fans along the eastern Baffin 
Island coast. 
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on the application of a wide range of analytical methods applied to a variety of glacial deposits, the 
resulting empirical data, and the field observations. 
Five subsequent primary chapters comprise this dissertation, each of which is presented in the 
form of a stand-alone manuscript for journal publication, including references, consecutively numbered 
figures and tables, and the complete reference for and list of coauthors of the content of is provided as a 
footnote on the first page of each chapter. Collective references from all chapters are presented following 
Chapter 7.  
Chapters 2, 3, and 4 are focused on records of ice sheet erosion and dynamics on the interior 
plateaux of Baffin Island. A compilation and analysis of previously published till geochemistry and till 
CRN data is presented in Chapter 2, demonstrating for the first time that some surficial glacial deposits 
have experienced a surface residence time of many glacial-interglacial cycles, likely related to fiord 
development. In Chapters 3 and 4, we apply a suite of geochemical and isotopic analyses to investigate 
the age of and the conditions under which subglacially precipitated carbonate crusts and crack-fill 
deposits developed in the Barnes Ice Cap region. While only directly related to the last glaciation, these 
carbonate deposits constrain the timing of subglacial erosion relative to their formation during the LGM 
and resolve the paradoxical existence of an outcrop of Tertiary sedimentary rock surrounded by glacially 
scoured crystalline basement bedrock (Nishiizumi et al., 2007; Pavich et al., 1986, 1985; RAND, 1963; 
Raymo et al., 2006; Raymo, 1997; Refsnider et al., in review, in press; Refsnider and Miller, 2010; 
Reynolds et al., 2004; Roy et al., 2007, 2004b; Ruddiman et al., 1989; Saltzman et al., 1984; Srodon et 
al., 2001; St-Onge et al., 2007). Chapter 3 focuses on the U-series dating of these carbonates and the 
relationship of the carbonate oxygen isotopic signature and that of the melted LIS ice from which the 
carbonate precipitated. Chapter 4 discusses additional information these carbonate deposits provide with 
respect to subglacial processes. 
A sedimentary record of glacial erosion is preserved along the outer coastline of eastern Baffin 
Island on the Clyde Foreland and Qivitu Peninsula (Fig. 1). Known as the Clyde Foreland Formation 
(CFF), these marine and glaciomarine sediments record at least seven glaciations, likely spanning the 
10
entire Pleistocene (Feyling-Hanssen, 1976, 1985; Miller et al., 1977; Nelson, 1982; Miller, 1985). In 
Chapter 5, we use a novel combination of CRN isochron burial dating and amino acid racemization dating 
to establish the first absolute chronological framework for the CFF. In Chapter 6, we continue our 
analyses of the CFF by investigating changes in geochemistry, clay mineralogy, and meteoric 10Be 
concentration within the glaciogenic units. By comparing the results with the geochemical and 
mineralogical signatures of weathered till and colluvium on the interior of the island, we show that only 
the oldest glaciogenic unit contains any evidence of containing appreciable sediment derived from the 
erosion of a weathered source. We discuss these findings in the context of their implications for the 
regolith hypothesis for the mid-Pleistocene transition and the residence time of modern till and colluvium 
on the Baffin Island landscape.  
The collective results of these five chapters are integrated and summarized in Chapter 7. While 
these chapters involve a variety of geological archives, timescales, and analytical methods, the 
conclusions are generally consistent with one another, and the emerging story represents a substantial 
increase in our understanding of the Pleistocene evolution of LIS dynamics and landscapes on Baffin 
Island. 
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  CHAPTER 2. REORGANIZATION OF ICE SHEET FLOW PATTERNS IN ARCTIC CANADA 
AND THE MID-PLEISTOCENE TRANSITION1 
 
 
ABSTRACT 
Evidence for the evolution of Laurentide Ice Sheet (LIS) basal thermal regime patterns during 
successive glaciations is poorly preserved in the geologic record.  Here we explore a new approach to 
constrain the distribution of cold-based ice across central Baffin Island in the eastern Canadian Arctic 
over many glacial-interglacial cycles by combining till geochemistry and cosmogenic radionuclide (CRN) 
data.  Parts of the landscape with geomorphic evidence for limited glacial erosion are covered by till 
characterized by high chemical index of alteration (CIA) values and CRN concentrations requiring 
complicated burial-exposure histories.  Till from regions scoured by glacial erosion have CIA values 
indistinguishable from local bedrock and CRN concentrations that can be explained by simple exposure 
following deglaciation.  CRN modeling results based on these constraints suggest that the weathered tills 
were deposited by 1.9 to 1.2 Ma, and by that time the fiorded Baffin Island coastline must have developed 
close to its modern configuration as piracy of ice flow by the most efficient fiord systems resulted in a 
major shift in the basal thermal regime across the northeastern LIS.  The resultant concentration of ice 
flow in fewer outlet systems may help explain the cause of the mid-Pleistocene transition from 41- to 
100-kyr glacial cycles. 
 
1. INTRODUCTION 
Since the late Pliocene, global climate variability has been dominated by the cyclical waxing and 
waning of continental ice sheets, initially following the obliquity orbital frequency of 41 kyr.  Between 
ca. 1.25 and 0.7 Ma (Andrews et al., 1985; De Angelis and Kleman, 2007; Balco et al., 2008; Bintanja 
and van de Wal, 2008; Briner et al., 2006, 2008; Clark et al., 2006; Clark and Pollard, 1998; Clark, 1994; 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 Refsnider, K. A., and G.H Miller, 2010. Reorganization of ice sheet flow patterns in Arctic Canada and 
the mid-Pleistocene transition, Geophysical Research Letters 37, L13502, doi:10.1029/2010GL043478. 	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  Davis et al., 2006; Desilets et al., 2006; Dredge, 2004; Huybers, 2007; Ives, 1975; Kessler et al., 2008; 
Marshall and Clark, 2002; McAyeal, 1993; Miller et al., 2006; Nesbitt and Young, 1982; Raymo, 1997; 
Roy et al., 2004; Sosdian and Rosenthal, 2009; Staiger et al., 2006; Tippett, 1985; Tziperman and Gildor, 
2003; Utting et al., 2008), the cyclicity transitioned to a higher-amplitude 100-kyr periodicity.  This 
enigmatic mid-Pleistocene transition (MPT) is of particular interest because it reflects the development of 
a non-linear climate system response independent of orbital forcing.  Possible explanations include 
mechanisms related to gradual atmospheric and/or deep ocean cooling ((Andrews et al., 1985; Balco et 
al., 2008; Bintanja and van de Wal, 2008; Briner et al., 2006, 2008; Clark, 1994; Clark et al., 2006; Clark 
and Pollard, 1998), the skipping of obliquity-driven terminations (De Angelis and Kleman, 2007; Clark et 
al., 2006; Clark and Pollard, 1998; Clark, 1994; Davis et al., 2006), and changes in ice sheet stability due 
to regolith removal (Clark and Pollard, 1998; Clark et al., 2006; Roy et al., 2004).  However, evidence 
suggests that a change in ice sheet dynamics is required to fully explain the MPT (Bintanja and van de 
Wal, 2008; Clark et al., 2006; Sosdian and Rosenthal, 2009).  
Spatial and temporal variations in the basal thermal regime of an ice sheet exert a fundamental 
control on basal sliding, basal sediment deformation, ice sheet geometry, the response of ice sheets to 
climate forcing, and the extent to which landscapes are modified by glacial erosion (Clark, 1994; 
Marshall and Clark, 2002; McAyeal, 1992).  The Foxe Sector of the Laurentide Ice Sheet (LIS; Fig. 1A) 
experienced a complex and dynamic interplay between non-erosive, cold-based ice, erosive, fast-moving 
outlet glaciers that carved deep fiords through Canada’s eastern Arctic rim, and even more erosive ice 
streams that occupied large straits and sounds.  These glaciers and ice streams transported ice from the 
Foxe Dome to calving margins in Baffin Bay and the Labrador Sea (Andrews et al., 1985; De Angelis and 
Kleman, 2007).  
Megascale geomorphic features across Baffin Island illustrate variable LIS erosion, with evidence 
for the preservation of till and bedrock over multiple glacial cycles and possible relict pre-glacial surfaces 
(De Angelis and Kleman, 2007; Staiger et al., 2006).  In contrast, areas of the landscape covered by 
warm-based, fast-moving ice were extensively eroded during the last glacial maximum (LGM; Briner et  
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Fig. 1 (Previous page). Study area and till geochemistry results.  (A) Satellite image of central Baffin 
Island with generalized bedrock geology.  Black boxes show NTS grids.  Inset shows study area relative 
to the LGM LIS extent.  (B) Till CIA values; due to limitations in the available data, CIA values represent 
the silt fraction for areas 37E-H, and 47E and the clay fraction for areas 27B, 27D, 37A, and 37D. (C) Till 
Ca/Na ratios.  Values for clay fraction data must be divided by 100.   (D) Till CIA values excluding 
samples with excessive CaO.  Open circles denote samples with inherited weathering characteristics from 
metasedimentary bedrock.  Black squares show sample locations from Miller et al. (2006).  Inset (E) 
shows sample locations from Staiger et al. (2006).  Colors correspond to groups 1-4 in Fig. 2B.   Inset (F) 
shows till CIA values for the area northwest of the Barnes Ice Cap. 
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  al., 2006).  The intermittent till mantle on the interior plateaux of Baffin Island may hold the key to 
understanding the evolving relationship between ice-sheet erosion and the dynamics of the Foxe Dome 
over Quaternary time scales.  We use previously published till geochemistry and cosmogenic radionuclide 
(CRN) data to explore this evolution. 
 
2.1. CHEMICAL INDEX OF ALTERATION 
To evaluate the extent to which surface tills have weathered, we use the chemical index of 
alteration (CIA) (Nesbitt and Young, 1982).  This index reflects the proportion of primary minerals to 
chemically-weathered products in a sample according to 
 
CIA = [Al2O3/(Al2O3 + CaO* + Na2O + K2O)] x 100   (1) 
 
where oxides are expressed as molar proportions and CaO* is CaO from non-carbonate phases.  We 
utilize geochemistry data from till samples collected by Dredge (2004) and Utting et al. (2008) from 20 to 
50 cm depth.  We first calculate CIA values for the silt- and/or clay-sized fractions of till samples using 
CaO rather than CaO* (Fig. 1B) because of limited carbonate content data.  Many samples contain CaO 
from carbonate bedrock sources, and Ca/Na ratios (Fig. 1C) help identify samples without excessive CaO 
(Fig. 1D).  Samples with excessive CaO are defined as those with >1% evolved CO2 based on till 
carbonate content data from National Topographic Series (NTS; Fig. 1A) area 37G in the silt-sized 
fraction, which corresponds to Ca/Na > 40 and 0.2 for the silt and clay fractions, respectively. 
 
2.2. TILL WEATHERING 
The CIA approach is particularly advantageous in this region because the majority of the study 
area is underlain by gneissic Rae Craton bedrock (Fig. 1A; CIA values 40-55).  Carbonate bedrock crops 
out to the west and north (CIA values <30), and metasedimentary bedrock is exposed to the south (CIA 
values 50-90).  Till CIA values on the Rae Craton range from 20-90 (Fig. 1B) and generally decrease 
inland from Foxe Basin, but several plumes of higher Ca/Na ratios extend from Foxe Basin to Cambridge 
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  and Clyde Fiords and Home Bay (Fig. 1C).  The latter is consistent with a train of carbonate boulders 
(Tippett, 1985), and all higher Ca/Na plumes correspond to a high concentration of lakes in ice-scoured 
bedrock (Andrews et al., 1985). 
 After removing the CIA values affected by excessive CaO, more subtle patterns become apparent 
(Fig. 1D).  In the northern end of the study area, high CIA values (>70) occur on most of the interior 
highlands, whereas lower values (<60) are predominantly found at lower elevations in ice-scoured terrain.  
Another concentration of similarly high CIA values occurs across a surface covered by a thick till blanket 
in terrain devoid of lakes and scoured bedrock joints near the Barnes Ice Cap (Fig. 1F). 
The distribution of till CIA values is consistent with a variety of other lines of evidence 
previously used to identify LIS basal thermal regimes.  Notable differences in the surficial weathering 
characteristics of bedrock have been identified along fiord walls across the region (Ives, 1975), as warm-
based ice was restricted to fiords and the broad valleys in fiord onset zones (Briner et al., 2006).  CIA 
values are consistently lower in fiord and fiord-onset-zone tills and higher on interfluves that were likely 
covered by slow-moving or cold-based ice between adjacent onset zones (Fig. 1D).  Low CIA values 
correspond with high scour-lake densities (Andrews et al., 1985).  Similarly, mega-scale geomorphic 
features have been used to identify the locations of erosive, fast-flowing ice (De Angelis and Kleman, 
2007) and indicate erosive ice crossing Baffin Island toward Home Bay and Clyde and Inugsuin Fiords, 
corresponding to low till CIA values. 
We interpret the CIA values to reflect the residence time of till on the landscape.  Low CIA 
values in the range of local bedrock are due to the erosion fresh bedrock and deposition of relatively 
unweathered material upon deglaciation.  High CIA values reflect prolonged subaerial weathering that 
must have occurred over multiple interglaciations, and overriding ice has subsequently been cold-based 
and only minimal till transport and deposition has taken place. 
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  3.1. DETRITAL CRN DATA 
 Detrital CRN data from Staiger et al. (2006) provide a unique opportunity to compare CIA values 
to CRN inventories and infer exposure-burial histories in the same samples (Fig. 1E).  CRN 
concentrations were measured in quartz from the 250-355 µm size fraction and are adjusted for a 10Be 
half-life of 1.36 Myr and rescaled according to Desilets et al. (2006) using a 10Be production rate of 4.41 
atoms g SiO2-1 yr-1, a 26Al/10Be production ratio of 6.75 following the approach of Balco et al. (2008) 
assuming a sediment density of 1.6 g/cm3, an attenuation length of 150 g/cm2 for nucleon spallation, a 
26Al half-life of 0.71 Myr. 
 
3.2. TILL EXPOSURE HISTORY 
Regression slopes for 10Be and 26Al concentrations against CIA values for silt and clay fractions 
are significant at the 0.05 critical α level (Fig. 2A), confirming our hypothesis that weathered till has been 
at the landscape surface longer than unweathered till.   More telling relationships emerge when clay 
fraction CIA values are plotted on a two-isotope diagram (Fig. 2B), in which samples cluster into four 
groups.  
Group 1 includes samples from low-elevation, glacially sculpted terrain with low CIA values 
similar to local bedrock CIA values and CRN inventories consistent with minimal burial and ≤10 kyr of 
surface exposure, representing warm-based LGM tills (Staiger et al., 2006).  Group 3 samples are from 
upland surfaces (low-relief terrain 600-1000 m asl) and fiord rims, have moderately high CIA values, and 
have been buried for at least 1 Myr (longer if burial was episodic).  Two of these three samples were 
potentially covered for a considerable part of past interglaciations by the largest ice cap in the study area.  
Group 4 samples were collected from upland surfaces adjacent to fiords and have CRN inventories 
consistent with burial in excess of 2 Myr and likely contain inherited pre-glacial CRNs (Staiger et al., 
2006).  CRN data from bedrock knolls between fiord onset zones imply cover by only cold-based ice 
during glaciations in the past 200 to 500 kyr (group 5 in Fig. 2B; Briner et al., 2008). 
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Fig. 2. Relationships between till CIA and CRN data.  (A) Till clay data with error bars showing 1σ 
uncertainties.  (B) Two-isotope diagram showing till CRN data from Staiger et al. (2006; groups 1-4; 
excludes 5 samples without Al measurements) and bedrock CRN data from Miller et al. (2006; group 5). 
Circle diameters correspond to till clay fraction CIA values from the same samples.  The solid black curve 
and associated ages track the CRN inventory derived from steady surface exposure in the absence of 
erosion.  Upon burial, samples will track downward along the dotted lines, and the dashed lines indicate 
the 26Al/10Be ratio after a period of continuous burial.  The three jagged black lines depict the CRN 
inventory evolution for a sample subjected to 1.0, 1.5, and 2.0 Myr of glacial-interglacial cycles. 
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  Of particular importance are group 2 samples, which have the highest CIA values and come from 
upland surfaces.  It is likely that these uplands were deglaciated completely during most interglaciations, 
and CRN inventories are consistent with exposure only during interglaciations for the past 1.9-1.2 Myr 
(Fig. 2B).  This exposure history is based on a model with 5/95 kyr of exposure/burial during 800 kyr of 
100-kyr glacial cycles and 3/38 kyr of exposure/burial for 41-kyr cycles.  Production rates are scaled for 
sampling depths (ca. 20 cm), but CRN concentrations alone will provide limited information about the 
exposure-burial history of till on this landscape because of mixing by cryoturbation.  However, the 
26Al/10Be ratio is constant for near-surface production, so we use this value to evaluate modeled exposure-
burial histories, and 1.2-1.9 Myr provides the best agreement with the 26Al/10Be ratios of group 2 samples.  
While it is not possible to rigorously test our assumption of negligible CRN inheritance, an inherited CRN 
inventory developed over only a few interglacial cycles, equivalent to the most inheritance commonly 
seen in recent LIS deposits on Baffin Island (Briner et al., 2006; Davis et al., 2006; Staiger et al., 2006), 
would result in our modeled till age being ca. 100 to 300 kyr too old. 
 
4. DISCUSSION 
The samples in group 2 come from topographic settings and erosional regimes that are similar to 
samples with equally-high CIA values adjacent to the Barnes Ice Cap (Figs. 1D, F).  We postulate that 
each of these areas can be characterized by similar exposure-burial histories, implying that (1) these areas 
have experienced minimal glacial erosion since 1.9 to 1.2 Ma, and (2) flow paths along which ice from 
Foxe Basin was channeled to outlet glaciers on the Baffin Island coast have been largely invariant for 
since 1.9-1.2 Ma, but that prior to that time outlet glacier flow through the eastern Baffin Island rim was 
more uniform.  Consequently, valley and fiord erosion in some areas was greatly reduced after 1.9-1.2 Ma 
as ice flow was captured by a smaller number of more efficient conduits such as Cambridge, Clyde, 
Inugsuin, and McBeth Fiords, and Home Bay, as well as the larger sounds north and south of Baffin 
Island.  This mechanism of preferentially concentrating flow and enhancing erosion through fiord systems 
has been illustrated by numerical ice-sheet model simulations (Kessler et al., 2008).   
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  Additionally, fiords with high till CIA values near their heads (e.g., Clark, Dexterity, and Tromso 
Fiords, Ayr Lake Trough) have abrupt decreases in elevation from the onset zone into the trough itself, 
and these troughs extend only to the inland edge of the mountains (Fig. 3).  Fiords acting as more 
favorable conduits are fed by scoured, lake-dotted, broad valleys extending through the entire breadth of 
the mountains and into the interior of the island (e.g., Oliver Sound, Cambridge and Inugsuin Fiords).  
The onset zones of these fiords are characterized by low CIA values, low CRN concentrations (Briner et 
al., 2008), and elevations decrease gradually (Fig. 3). 
The combination of till CIA data and modeled CRN burial-exposure histories provides strong 
evidence for a shift in basal thermal regimes across the interior plateaux of Baffin Island by 1.9-1.2 Ma.  
While it may be coincidence that this time interval abuts the onset of the MPT (~1.2-0.7 Ma), it has been 
hypothesized that changes in subglacial conditions were potentially an important mechanism in altering 
LIS dynamics across the MPT (Clark and Pollard, 1998; Clark et al., 2006).  We suggest that prior to this 
time, ice was warm-based and erosive across the majority of the Baffin Island interior, and widespread 
glacial erosion left behind ice-sculpted bedrock and a nearly continuous blanket of till.  By 1.9-1.2 Ma, 
some parts of the landscape became perpetually covered by cold-based ice during glaciations, a pattern 
that persisted through the LGM.   
Preferential channeling of ice flow into major fiords may have been sufficient to effectively shut 
off ice flow across the landscape between outlet glaciers.  Fiord development likely increased both the 
efficiency of ice delivery to the oceans by calving outlet glaciers and the climatic sensitivity of the ice 
sheet (Kessler et al., 2008).  However, it is possible that the evacuation of ice to Baffin Bay became less 
efficient as the aerial extent of cold-based ice across Baffin Island increased prior to 1.2 Ma.  Additional 
factors may have contributed to this expansion of cold-based ice, including a gradual decline in global 
temperature (Sosdian and Rosenthal, 2009), changes in bed composition, or the formation of large ice 
streams in sounds to the north and south.  The associated decrease in the extent of basal sliding would 
require a greater ice thickness for the basal ice to be at the pressure melting point.  Such a feedback could 
potentially result in the Foxe Dome becoming less sensitive to climate forcing, contributing to the internal  
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Fig. 3.  Long profiles of troughs from fiord head at sea level to trough head inland.  Fiords with high CIA 
values in and adjacent to their onset zones have characteristically different profiles than fiords with low 
CIA values in and adjacent to their onset zones. 
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  changes within the climate/ice sheet system required to explain the MPT (Clark et al., 2006; Huybers, 
2007; Sosdian and Rosenthal, 2009).   Although the Foxe Dome and Baffin Island coastline comprise a 
relatively small percentage of the total LIS volume and perimeter, ice-sheet modeling may clarify whether 
the reconstructed changes had a disproportionate impact on the behavior of the LIS as a whole. 
 
5. CONCLUSIONS 
Till deposits on central Baffin Island contain a geochemical record of landscape and LIS 
evolution.  Using constraints from major oxide and CRN data, we model the burial and exposure history 
of the oldest of these tills and suggest that they were deposited by 1.9 to 1.2 Ma.  Cover by cold-based ice 
during subsequent glaciations has preserved these tills.   We interpret this shift in basal thermal regime to 
be the result of the preferential funneling of ice into the most efficient fiord systems, which were 
apparently developed by 1.9 to 1.2 Ma.  If changes in the dynamics of the Foxe Dome slowed its response 
to climate forcing, the maturation of the fiorded coastline may help explain the MPT. 
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CHAPTER 3. SUBGLACIAL CARBONATES CONSTRAIN BASAL CONDITIONS AND 
OXYGEN ISOTOPIC COMPOSITION OF THE LAURENTIDE ICE SHEET OVER  
ARCTIC CANADA1 
 
 
ABSTRACT 
Subglacially precipitated carbonate crusts (SPCCs) formed atop bedrock and till boulders 
adjacent to the Barnes Ice Cap (BIC), central Baffin Island, Arctic Canada, act as unique archives of 
Laurentide Ice Sheet (LIS) basal conditions. Uranium-series dating of these features reveals that 
carbonate precipitation from subglacial meltwater occurred during the Last Glacial Maximum (LGM), 
requiring warm-based ice in the region at that time. However, the preservation of fragile SPCCs is 
unlikely beneath erosive warm-based ice, suggesting that the transition to subsequent cold-based 
conditions took place shortly after the LGM, and glacial erosion in the region occurred dominantly prior 
to the LGM. The oxygen isotopic composition of the meltwater from which the SPCCs precipitated is 
indistinguishable from that of the debris-rich BIC basal ice (δ18OVSMOW -24‰) but distinct from that of 
the overlying white Pleistocene ice (δ18O ~-35‰), demonstrating that SPCCs are reliable archives of the 
isotopic composition of only the basal ice of past ice sheets.  
 
1. INTRODUCTION 
Throughout the Pleistocene glaciations, the Laurentide Ice Sheet (LIS) was the largest and most 
dynamic of the continental ice sheets, a status that has lead to countless hypotheses about the potential 
role of the LIS in various climatic processes and events (e.g., Rooth, 1982; Clark and Pollard, 1998). But 
as a result of the erosive nature of ice sheets, numerical modeling efforts to test such hypotheses often 
face validation challenges due to a substantial lack of geological constraints on LIS ice thickness, flow 
paths, basal conditions, and ice δ18O (e.g., Clark, 1994; Marshall et al., 2002). These parameters are 
                                                
1 Refsnider, K.A., G.H. Miller, C. Hillaire-Marcel, M.L. Fogel, B. Ghaleb, and R. Bowden. In press. 
Subglacial carbonates constrain basal conditions and oxygen isotopic composition of the Laurentide Ice 
Sheet over Arctic Canada. Geology. 
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important for the reconstruction of ice volume, mass balance gradients, the migration of domes, ice 
stream locations, bed deformation, subglacial erosion rates, and the role of continental ice sheets in 
marine δ18O records. 
Here we present a unique record of Last Glacial Maximum (LGM) basal conditions beneath the 
Foxe Sector of the LIS as recorded by subglacially precipitated carbonates from central Baffin Island 
(Fig. 1). U-series dating of these features also provides insight into Barnes Ice Cap (BIC) δ18O 
stratigraphy. 
 
2. SUBGLACIAL CARBONATES 
Subglacially precipitated carbonate crusts (SPCCs; Fig. 2) are generally formed as melt water 
becomes supersaturated with respect to CaCO3. Often, this occurs during the regelation process when 
basal meltwater generated by pressure melting of ice on the upstream side of undulations on the glacier 
bed dissolves CaCO3 from the bedrock. As this film of water refreezes on the lee side of an obstacle, 
solutes are concentrated in the residual water, and upon saturation, CaCO3 precipitates (Hallet, 1976; 
Hanshaw and Hallet, 1978; Souchez and Lemmens, 1985). If refreezing is incomplete, CaCO3 
precipitation may occur from residual meltwater transported elsewhere in the subglacial system (Hallet, 
1976). 
On central Baffin Island, SPCCs encrust both gneissic bedrock and till boulders along the 
northern margin of the BIC and bedrock on the summits of the Rimrock Hills 70 km to the west (Fig. 1B). 
The only other observations of similar SPCCs formed beneath the LIS are from sites in southern Québec 
(Fig. 1A; Hillaire-Marcel et al., 1979; Hillaire-Marcel and Causse, 1989). The study region was glaciated 
by the Foxe sector of the LIS, and based on changes in the character and δ18O of ice within the BIC, 
Hooke (1976) suggested that the southern margin of the BIC contains LIS ice at depth. 
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Figure 1. (A) Map showing the LGM extent of the LIS and proglacial lakes, seas, and subglacial 
carbonate sites from which LIS oxygen isotopic compositions have been estimated. The rectangle over 
Baffin Island is enlarged in Fig. 1B. (B) Satellite image of central Baffin Island; arrows show direction of 
LGM ice flow. Filled and open circles identify locations at which the oxygen isotopic composition of BIC 
ice and subglacial carbonate crusts, respectively, were measured.  
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Figure 2. Example of a fluted, laminated carbonate crust on a till boulder along the northern BIC margin 
with a pocketknife for scale. The arrow indicates the direction of ice flow relative to the carbonate crust. 
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 Carbonate deposits were first reported in the Rimrock Hills (70.615°N, 75.333°W and 70.622°N, 
75.386°W, 740 m asl) by Andrews et al. (1972), who interpreted the material to be Tertiary marl. We 
revisited these sites and observed a range of carbonate morphologies, including thin (<1 cm), fluted,  
laminated crusts in the lee of glacially polished and striated bumps (Fig. 2), thicker (up to 3 cm), 
laminated carbonate coatings with sand- to pebble-sized detrital clasts, and thick (up to 7 cm), 
conglomeratic carbonate-cemented material filling extensive fractures in the bedrock. 
Along the northern BIC margin (70.396°N, 73.666°W, 630–690 m asl) we found fluted, 
laminated carbonate crusts analogous to SPCCs described by Hallet (1976). These crusts range in 
thickness from <0.1–1 cm, often contain sand-sized detrital clasts, most commonly occurred on the lee 
side of glacially-polished undulations, and were observed covering 1+ m2 till boulder surfaces. 
 
3. METHODS 
We determined the depositional age of four SPCCs by U-series dating. Bulk samples of three 
crusts were powdered, as well as five subsamples of a fourth sample (M09-B153R) exhibiting two 
generations of carbonate deposition. U and Th measurements were performed using a VG-Sensor TIMS 
at Centre GEOTOP (for methodology, supplementary material at the end of this chapter). Replicate 
measurements of standards routinely yielded an analytical precision of ± 0.5% (±2σ) for both elemental 
concentrations and isotopic ratios. 
δ18O measurements were made on 28 powdered samples from 18 different SPCCs with a Thermo 
Finnigan Delta Plus XL mass spectrometer coupled to a GasBench II interface at the Geophysical 
Laboratory. For each sample, seven replicate δ18O measurements were made with a mean 1s uncertainty 
of 0.2‰. Reported δ18O values are referenced to Vienna Standard Mean Ocean Water (VSMOW) and 
were calibrated with NIST standards NBS-18 and NBS-19. 
We also collected samples of solid BIC ice from ~10 cm below the depth to which ice was visibly 
affected by surface melting. Measurements of the δ18O in melted ice were made at INSTAAR with a
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Micromass SIRA Series II dual inlet mass spectrometer. 
 
4. SUBGLACIAL CARBONATE AGES 
U and Th concentrations, isotope activity ratios, and associated uncertainties (±2σ unless noted) 
are shown in Table DR1 (see supplementary material at end of chapter for DR tables and figures) and Fig. 
3. Most samples contain a detrital component characterized by 232Th/238U ratios ranging from 0.01 to 0.25. 
U-series ages for the authigenic 238U-234U-230Th fractions related to U-uptake during carbonate deposition 
were calculated using two-dimensional (2-D) and 3-D isochrons in Isoplot v. 3.71 (Ludwig, 2009). 
The multigenerational carbonate layers in sample M09-B153R include a brown unit (subsamples 
B1 and B2) overlain by a unit with sand-sized detrital clasts (W1 and W2); subsample 153 included 
material from both layers. The 3-D isochron fit to 153, W1, W2, and B2 and the calculated initial 
234U/238U of 3.20 ± 0.12 define an age, corrected for detrital 230Th, of 21.0 ± 5.4 ka (Table 1; Fig. 3A). The 
scatter about the regression line is likely due to heterogeneities in the detrital fraction, as illustrated by the 
larger variance of 232Th concentrations relative to 238U (Table DR1). B1 is an outlier, plotting above the 
230Th/232Th - 234U/232Th isochron but falling on the 234U/232Th - 238U/232Th isochron (Figs. DR1A and 
DR1B in the supplementary material at the end of this chapter), suggesting that the authigenic U 
incorporated in B1 was identical to that present in the other subsamples. 
The isochron slope in Fig. 3A indicates that the authigenic U was characterized by a strong 234U 
excess relative to its parent 238U. This excess matches values reported in lake waters from the Dry Valleys 
of Antarctica (Henderson et al., 2006) for which the proposed 234U enrichment mechanism was the 
addition of recoiled 234U to U with a high residence time in lake water. We propose that this excess is 
related to an enrichment of 234U recoiled from fine detrital grains transported in basal ice and meltwater. 
This interpretation is supported by the negative y-intercept in Fig. DR1A. 
Samples M09-B181R and –B190R have uncorrected ages of 25.7 and 24.7 ka, respectively. We 
used Rosholt isochron plots to identify the 232Th-free end-member from the slope of a mixing line and  
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Figure 3. U and Th activity ratio plots. (A) U-series evolution diagram; grey lines are isochrons, black 
subhorizonal curves show isotopic evolution, and ellipses show 2σ uncertainties. Black filled points show 
the measured isotope activity ratios for subsamples of M09-B153R, and the grey points show the activity 
ratios corrected for detrital 230Th. The dashed grey ellipse shows the calculated depositional age. Unfilled 
points represent other samples. (B) Rosholt isochron plot of BIC margin samples M09-B181R and –
B190R (black points) and Rimrock Hills sample –B064R (grey points). The regression lines are fit 
through only the two BIC margin samples.  
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subtract the detrital 230Th contribution. These samples define mixing lines with slopes of 0.192 ± 0.017 
and 2.80 ± 0.20 for the authigenic 230Th/234U and 234U/238U activity ratios, respectively (Fig. 3B), 
corresponding to a depositional age of 22.7 ± 2.2 ka. Interestingly, these samples also suggest a negative 
y-intercept for the 234U/232Th versus 238U/232Th isochron (Fig. 3B), supporting the concept of a 234U-
depleted contaminant. 
The Rimrock Hills sample (M09-B064R; Fig. 3B) has an authigenic U content (234U/232Th = 
191.1 ± 1.8) considerably higher than that of all other samples. In this case, any correction for detrital 
230Th is nearly negligible, and we report only the uncorrected age of 19.1 ± 0.3 ka. 
Summarizing these results, with all ages compatible within 2σ, we conclude that the SPCCs were 
precipitated over an interval of <<10 ka (ca. 20–22 ka) during the global LGM, coinciding with the timing 
of SPCC deposition in southern Québec (22.2 ± 1.3 ka; Hillaire-Marcel et al., 1979). 
 
5. OXYGEN ISOTOPE MEASUREMENTS 
Physical characteristics and δ18O of southern BIC ice (Hooke, 1976; Hooke and Claussen, 1982; 
Zdanowicz et al., 2002) reveal blue ice at the surface from the summit to within a few hundred meters 
above the ice margin, where an abrupt contact separates blue ice from bubble-rich white ice up to 100 m 
thick. The white ice overlies ~10 m of gray ice that attains its color from entrained clastic debris. Hooke 
(1976) and Hooke and Claussen (1982) hypothesized that the blue ice (~-23‰ δ18OVSMOW) was formed 
during the late Holocene, whereas the underlying white ice (<-30‰) is relict LIS ice, and the gray basal 
ice (~-25‰) is a regelation layer derived from the overlying white ice. The debris content of the basal ice 
is higher and coarser (clasts are common, some as large as 1 m) along the northern margin. The isotopic 
data from Zdanowicz et al. (2002) and our northern BIC margin ice samples (n = 7) support the 
stratigraphic model suggested by Hooke and Claussen (1982) and replicate their δ18O stratigraphy (Table 
DR2; Fig. 4). 
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Figure 4. δ18O estimates of LIS ice derived from sites in the Foxe and Labrador sectors (see Fig. 1A for 
site locations). The spread of data is less than the size of the point unless otherwise shown. For the BIC 
ice, circles show the data from this study, and the grey squares and bars show median values and ranges 
from Zdanowicz et al. (2002); much of the spread is due to identifying exact boundaries between the 
different units. Vertical black lines show the range of values from Hooke and Claussen (1982). Arrows 
indicate maximum limiting values. Other sources of data: 1 - Fisher et al. (1998); 2 - Hillaire-Marcel and 
Causse (1989); 3 - Hillaire-Marcel et al. (1979); 4 - Birks et al. (2007); 5 - Hillaire-Marcel (1989); 6 - 
Sima et al. (2006). 
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 BIC SPCC δ18O averages 6.6 ± 0.8‰ (±1s, n = 19; Table DR2; Fig. 4), and the Rimrock Hills 
crack-fill samples (n = 9) are between 4.7 and 8.9‰, although the deposits at the latter site average 8.4 ± 
0.4. From these δ18O data, we estimate the isotopic composition of the ice from which the meltwater was 
derived using the temperature-dependent fractionation relationship for CaCO3-H2O defined by Kim and 
O’Neil (1997), which yields a fractionation factor of 33.6 at 0 °C. We assume that precipitation occurred 
in isotopic equilibrium with the subglacial meltwater (Hallet, 1976; Hanshaw and Hallet, 1978). In 
addition to analytical uncertainties, there are two other possible sources of error in our estimates of the ice 
source δ18O based on the SPCC data. However, other experiments suggested that the fractionation factor 
at 0 °C may be up to 3% greater than 33.6 (Kim and O’Neil, 1997), corresponding to a potential +1‰ 
bias in our estimates. If the temperature during precipitation was -1 to -4 °C, a likely scenario due to 
pressure melting, the calculated δ18O would overestimate the true δ18O by 0.2–1‰. 
The resulting calculated ice source δ18O is -24.0‰ with an analytical uncertainty of 0.8‰ (n = 
22), indistinguishable from our measurements of BIC gray basal ice (n = 4; Table DR2) and in agreement 
with previous measurements of the basal ice δ18O (Fig. 4). With consideration of the possible ~+2‰ bias 
in our calculations, we cannot distinguish between an open or closed subglacial hydrological system, the 
latter of which would result in carbonate depleted in 18O by up to 3‰ relative to the ice source (Hallet, 
1976; Aharon, 1988). The slight enrichment in 18O in the Rimrock Hills deposits, however, may be due to 
a local subglacial meltwater regime dominated by open-system (Hanshaw and Hallet, 1978; Lemmens et 
al., 1982). 
 
6. LAURENTIDE ICE SHEET δ18O 
Previous studies have shown that the isotopic composition of SPCCs reflects the composition of 
the subglacial meltwater, and thus glacial ice, from which precipitation took place (Hanshaw and Hallet, 
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1978; Lemmens et al., 1982; Souchez and Lemmens, 1985). Hanshaw and Hallet (1978) and Hillaire-
Marcel et al. (1979) suggested that the composition of SPCCs deposited beneath continental ice sheets 
could be used to reconstruct the composition of that ice, but the latter cautioned that such an approach 
may only provide insight into the isotopic composition of the basal ice since subglacial processes 
including regelation, progressive refreezing, and the discharge of subglacial meltwater can all contribute 
to changes in the isotopic composition of basal ice. 
Because the SPCCs along the BIC margin formed during the LGM, their δ18O values reflect the 
isotopic composition of LGM basal LIS ice at this location. The measured δ18O of the BIC relict basal ice 
along the northern margin (spanning 1.4‰) and the LGM ice-equivalent d18O calculated from SPCC δ18O 
are indistinguishable from one another. However, these values are ~10‰ heavier than the BIC overlying 
relict white ice, implying that SPCCs record only the isotopic composition of the basal ice beneath which 
it formed should not be used to directly infer the isotopic composition of past ice sheets. These results 
also strongly support the hypothesis that the white and gray BIC ice is relict LIS ice as previously 
suggested (Hooke and Claussen, 1982). 
From this, we argue that the SPCCs and relict LIS ice provide the best glimpse into the LGM 
Foxe sector δ18O. The Penny Ice Cap on southeastern Baffin Island (Fig. 1A) also contains Pleistocene 
basal ice with δ18O similar to those of the Barnes white ice (Figs. 1A and 4; Fisher et al., 1998), in 
agreement with the mean LGM LIS δ18O predicted by an ice-sheet model that tracks marine and ice sheet 
δ18O evolution (Sima et al., 2006). There are several sites near the southern LIS margin from which 
concretions and lake sediment pore water have been used to constrain LIS δ18O (Figs. 1A and 4), but 
these archives are less reliable because records derived from proglacial lakes are complicated by 
precipitation and evaporative effects (Birks et al., 2007). 
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7. LIS BASAL CONDITIONS 
The topographic channeling of ice into fiords carved through the mountainous rim of eastern 
Baffin Island exerted a strong influence on the basal thermal regime of ice on the central part of the island 
(Refsnider and Miller, 2010), but determining the duration of basal melting and erosion is difficult. LIS 
modeling of the last glaciation by Marshall and Clark (2002) suggested that widespread basal melting was 
limited to a window of ~5 ka between 15 and 10 ka, and furthermore, their model did not produce any 
basal melting in the BIC region. These errors are most likely related to discrepancies between modeled 
and paleo-ice thickness and dynamics. 
The SPCC ages show that the onset of basal melting in the BIC region began by the LGM rather 
than during deglaciation (Table 1). The formation of these crusts demonstrates that during the LGM, the 
basal ice was at the pressure melting temperature, resulting in regelation and/or basal sliding. While the 
presence of meltwater at the bed of cold-based ice sheets is possible (Cuffey et al., 2000), our 
observations of carbonate-cemented conglomerate filling extensive bedrock fractures (Fig. DR2) and 
globular deposits of carbonate-cemented sand (Fig. DR3), suggest a greater presence of basal melt water. 
From these observations, we infer that LIS basal ice was at or just below the pressure melting point across 
this region during the LGM. 
In the presence of appreciable subsequent basal sliding and erosion, the fragile crusts would be 
easily destroyed. Their pristine preservation suggests that local basal thermal conditions of the LIS must 
have transitioned to a cold-based regime shortly after the LGM, a state that still persists today (Hooke et 
al., 1980). Thus, the majority of erosion during the last glaciation in this region (Fig. 1A) must have 
occurred prior to the LGM. The most likely explanation for the transition to post-LGM cold-based 
conditions is thinning of the Foxe Dome due to an increase in ice streaming through Cumberland Sound 
and Hudson Strait (Kaplan et al., 1999). 
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8. CONCLUSIONS 
The formation of SPCCs at the base of the LIS during the LGM irrefutably demonstrates that 
warm-based ice was at least locally present in the BIC region during the LGM, and the preservation of 
these fragile crusts suggests that cold-based conditions returned shortly thereafter and glacial erosion in 
the region primarily occurred prior to the LGM. While the isotopic composition of SPCCs reflects that of 
basal BIC ice, the combined age and isotope data strongly support Hooke’s (1976) hypothesis that the 
BIC contains relict LIS ice. Moreover, these δ18O data are the first from the northern margin of the BIC 
and make a strong case that the entire BIC is underlain by at least 50 m of Pleistocene ice. This ice 
provides perhaps the best δ18O estimate for the LIS isotopic composition of the Foxe Sector (~-35‰). 
These findings provide much-needed geological constraints that serve as targets for dynamic models of 
LGM ice sheets. 
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11. CHAPTER 3 SUPPLEMENTARY MATERIAL 
 
11.1. U-series sample preparation, measurement, and analysis methods 
U-Th measurements were performed on sub-samples ranging in weight between 20 to 300 mg 
and recovered using an abrading device (Dremel™ rotary tool). The powder was accurately weighed in a 
Teflon™ beaker prior to being spiked with a 236U-233U-229Th solution. U and Th isotopes were then 
measured by the isotope dilution technique. The residual powder was moistened with MilliQ™water and 
dissolved using concentrated nitric acid. At this stage, approximately 10 mg of iron was added as a 
carrier, and the sample was stored overnight to ensure complete mixing of carrier and sample.  U and Th 
were separated with a Fe(OH)3 precipitate obtained by adding ammonia until a pH ~8 was obtained. After 
centrifugation, the Fe(OH)3 precipitate was washed with hot MilliQ™ water and dissolved in 6M HCl. 
Purification of U and Th from more similar elements was achieved by adsorption on a Dowex AG1-X8 
resin (Hillaire-Marcel et al., 1996). The U-Th separation was conducted using an AG1X8 anionic resin 
bed. The Th and U-Fe fractions were retrieved by elution with 6 N HCl and H2O, respectively. The final 
purification of the U-fraction was done using a 0.2 ml U-Teva™ (Eichrom Scientific) resin volume. The 
U-Fe separation was performed through elution using 3N HNO3 (Fe fraction) and 0.002N HNO3 (U 
fraction). The final purification of Th was carried out on a 0.2 ml AG1X8 resin in 7N HNO3 and Th was 
eluted with 6N HCL.  
The U and Th fractions were deposited on a Re filament between two layers of graphite and 
measured using a VG-sector thermal ionization mass spectrometer fitted with an electrostatic filter and a 
Daly ion counter. Mass fractionation for U was corrected using the double spike 236U/233U value (1.1322), 
while mass fractionation for Th was considered negligible within analytical error. The overall analytical 
reproducibility, as estimated from replicate measurements of standards, is usually better than 0.5% for U 
concentration and 234U/238U ratios, and ranges from 0.5% to 1% for 230Th/234U ratios (±2σ). Total blank 
values (including chemistry, carbon, and filament) are 25 pg for U and 150 pg for Th.  
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 For calculations in Isoplot, we used 2σ uncertainties, assumed uncorrelated errors, and did not 
include uncertainties in decay constants. Decay constants used in these calculations are defined in Ludwig 
(2009) as λ238=1.55125E-10, λ234=2.8338E-6, λ230=1.19525E-6. 
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Figure DR1. U and Th activity ratio plots for subsamples of M09-B153R. See Table 1 for corresponding 
data. (A) 230Th/232Th - 234U/232Th isochron, corresponding to a corrected age of approximately 21 ka. The 
fact that B1 plots above the 230Th/232Th - 234U/232Th isochron likely relates to contamination by bedrock 
material when subsampling. (B) 234U/232Th - 238U/232Th plot showing that all subsamples included 
authigenic U with identical isotopic compositions, including B1 (234U/232Th -2.9 ± 2.8 and 238U/232Th 3.17 
± 0.26 (uncertainties here are ±2σ). The most likely explanation for B1 not falling on the isochron in A is 
due to contamination from the underlying gneissic bedrock material during subsampling. Minor 
contamination from this bedrock would move the detrital end-member from 238U/232Th, 234U/232Th, and 
230Th/232Th values representative of fine particles carried by basal ice (thus with some 230Th excess and 
234U deficit versus 234U and 238U, respectively) toward a value influenced by U and Th from the 
underlying bedrock. We did not analyze the gneiss fragment, but is seems reasonable to assume a secular 
equilibrium in the 238U-series and U versus Th concentrations within the range reported by Thériault et al. 
(2001) for southern Baffin Island Proterozoic rocks (up to 79 and 99 ppm, respectively).   
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Figure DR2. Observations we interpret as evidence for temperate subglacial conditions during carbonate 
deposition at the Rimrock Hills site. (A) Brown carbonate-cemented conglomeratic crack-fill deposits 4 to 
6 cm in thickness (within white ellipses). Arrow indicates past ice flow direction. These deposits filled 
vertical fractures laterally across the outcrop, and the majority of horizontal fractures in this outrcrop also 
contained a similar carbonate-cemented fill. Note boot for scale. Crack-fill deposits up to 1 cm thick were 
also observed along the margin of the BIC. (B) Shattered pieces of brown carbonate-cemented 
conglomateratic material 2 to 5 cm in thickness cover the surface of a hilltop in the Rimrock Hills. This 
deposit continued into a horizontal fracture beneath the bedrock in the upper right of the photograph. The 
presence of meltwater within outcrop-scale bedrock fracture networks is suggestive of at least locally wet-
based conditions. 
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Figure DR3. Carbonate-cemented sand deposits similar in morphology to this example were observed on 
the lee side of till boulders (relative to the ice-flow direction shown by the arrow, indicated by striations 
and other erosional features). These deposits often exhibited a lobate form presumably due to flow down 
the boulder surface under the influence of gravity prior to cementation by carbonate. The formation of 
such features would be unlikely if melting was produced solely by regelation. We interpret these deposits, 
as with those shown in Fig. DR2, to be evidence of locally warm-based conditions during the LGM. 
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CHAPTER 4. SUBGLACIALLY PRECIPITATED CARBONATES RECORD 
GEOCHEMICAL INTERACTIONS AND POLLEN PRESERVATION AT  
THE BASE OF THE LAURENTIDE ICE SHEET1 
 
 
ABSTRACT  
 Subglacially precipitated calcite crusts are archives of conditions and processes active beneath 
former ice sheets. Their mineralogy and isotopic composition helps define subglacial geochemical 
processes, and organic matter preserved within the calcite provides guidance about erosion history. Here 
we describe carbonate crusts and conglomeratic crack-fill deposits formed on gneissic bedrock and till 
boulders at the bed of the Laurentide Ice Sheet (LIS) during the last glacial maximum on central Baffin 
Island, Arctic Canada. Geochemical data indicate that the Ca in the crusts was derived from the subglacial 
chemical weathering of trace calcite and Ca feldspar in the local crystalline bedrock. C appears to have 
been derived from both trace calcite in bedrock and plant debris from previous interglaciations. The δ18O 
of the calcite crusts is indistinguishable from regelation ice preserved at the base of the Barnes Ice Cap 
(BIC) but is ~10‰ heavier than the primary LIS δ18O. Palynomorph assemblages preserved within the 
calcite and in the basal BIC ice include species last endemic to the Arctic in the early Tertiary.  The 
source of these palynomorphs remains enigmatic, but we suggest that they were most likely derived from 
former outcrops of Tertiary sedimentary bedrock removed by Pleistocene ice-sheet erosion. 
 
1. INTRODUCTION 
Subglacially precipitated calcite crusts are common features on carbonate bedrock exposed by the 
recent retreat of temperate glaciers. During the regelation process (Kamb, 1970; Nye, 1969), basal 
meltwater generated by pressure melting of ice on the upstream side of undulations on the glacier bed 
dissolves Ca-containing minerals from the bedrock. As this film of water refreezes on the lee side of an 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1	  Refsnider, K.A., G.H. Miller, M.L Fogel, B. Fréchette, R. Bowden, J.T. Andrews, and G.L. Farmer, in 
revision. Subglacially precipitated carbonates record geochemical interactions and pollen preservation at 
the base of the Laurentide Ice Sheet. Quaternary Research. 
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obstacle, solutes are concentrated in the residual water, and upon saturation, CaCO3 precipitates (Hallet, 
1976; Hanshaw and Hallet, 1978; Souchez and Lemmens, 1985; Ng and Hallet, 2002). The surface of the 
precipitated crust is often fluted parallel to the direction of former ice flow, with the flutes presumably 
developing as bubbles trapped in the ice release CO2 into the meltwater, causing localized calcite 
redissolution (Ng and Hallet, 2002). These calcite deposits are unique archives providing evidence of 
subglacial hydrologic conditions and the isotopic composition of basal ice at the time of their formation. 
Deciphering these clues requires an understanding of the processes and conditions required for calcite 
precipitation, which has been pursued in a variety of settings (Hanshaw and Hallet, 1978; Hillaire-Marcel 
et al., 1979; Hillaire-Marcel and Causse, 1989; M. Sharp et al., 1990; Aharon, 1988; I.J. Fairchild et al., 
1993; Lemmens et al., 1982; Souchez and Lemmens, 1985; Liu et al., 2005) 
The most enigmatic subglacially precipitated calcite crusts are those formed on crystalline 
bedrock distant from sedimentary carbonate sources. The only documented occurrences of such crusts are 
in the Vestfold Hills of Antarctica (Aharon, 1988) and the Chinese Tien Shan Mountains (Liu et al., 
2005), both recently deglaciated sites. In these environments, the sources from which the Ca and C are 
derived remain poorly understood. The authors of both investigations hypothesized that subglacial 
chemical weathering of Ca-bearing minerals within the local crystalline bedrock under high CO2 partial 
pressure supplied the Ca, and Aharon (1988) suggested that the C was derived from atmospheric CO2 
trapped in the overlying basal ice, but this required a substantial C isotope fractionation in order to 
reconcile a difference between the theoretical and measured calcite isotopic composition. 
The presence of a thin veneer of calcite on the Archean granite bedrock of central Baffin Island, 
Arctic Canada (Fig. 1) was first noted by Andrews et al. (1972) who described a laminated marl deposit 
restricted to an isolated summit in the Rimrock Hills (Fig. 2). Analyses of pollen within the crusts 
revealed the presence of species last known to occupy the Canadian Arctic in the early Tertiary, leading to 
the conclusion that the carbonate material was an isolated outcrop of lacustrine or fluvial limestone that 
had survived 2+ million years of glacial erosion (Andrews et al., 1972). The site was subsequently  
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Figure 1. Location and bedrock geology map of Baffin Island. Study area, enlarged in Fig. 2, is indicated 
by the rectangle at the northern end of the Barnes Ice Cap. Inset shows the location of Baffin Island 
relative to the Laurentide Ice Sheet at its maximum extent. Numbered points refer to sites included in Fig. 
6. 
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Figure 2. Satellite image of the study area. Ovals indicate the three locations where subglacially 
precipitated carbonate deposits were observed. Grey shades represent land, white is snow and ice, and 
black is water. Some ice-covered lakes, such as Conn Lake, show up as grey. 
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revisited, and additional observations (Johns and Young, 2006) and palynomorph analyses (White, 2005) 
supported the original interpretation. 
Here we report results of a new investigation of the Rimrock Hills marl and other nearby 
carbonate crusts and crack-fill deposits formed on gneissic bedrock and till emerging from beneath the 
receding Barnes Ice Cap (BIC; Figs. 1 and 2).  The BIC is the last remnant of the former Laurentide Ice 
Sheet (Hooke, 1976; Hooke and Claussen, 1982; Zdanowicz et al., 2002; Refsnider et al., in press), and 
the landscape exposed as the BIC retreats is a pristine relict of the bed beneath the former ice sheet.  We 
show that all these calcite crusts were precipitated subglacially at the bed of the LIS and that they 
preserve geochemical and biological evidence that provide unique constraints on the behavior of the 
former ice sheet.  We determined the mineralogy, major oxide geochemistry, and Sr-, O-, and C-isotopic 
composition of carbonate crust samples and interpret these data to define the genesis of subglacially 
precipitated calcite crusts and implications for LIS erosion history.  A companion paper (Refsnider et al., 
in press) focuses on the age of the calcite crusts based on U-series analyses, the inferred LIS basal 
conditions, and the interpretation of the δ18O record preserved in the crusts. 
 
2. MORPHOLOGICAL CHARACTERISTICS OF CARBONATES 
We returned to the Rimrock Hills in 2009 to investigate the reported Tertiary marl. The deposits 
atop the Rimrock Hills (south summit: 70°36.90’N, 75°19.98’W; north summit: 70°37.32’N, 75°23.16W) 
include a broad range of morphologies (Fig. 3) similar to what Andrews et al. (1972) described. These 
include thin (<1 cm), fluted, laminated crusts in the lee sides of glacially polished and striated bumps, 
thicker (<3 cm), laminated coatings with sand-sized detrital material filling low areas of the summits, and 
thick (<7 cm), conglomeratic, dark brown, carbonate-cemented material filling horizontal and vertical 
fractures in the bedrock (Fig. 3D). The angular detrital component includes fragments of the local 
gneissic bedrock up to 2 cm in length. 
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Figure 3. Examples of different types of carbonate crusts observed. Arrows indicate the direction of ice 
flow based on glacial striations. A. Classic fluted, laminated crust. B. Morphology similar to springline 
tufa deposits. Note the dissolution features down-flow of the rim. C. Multi-generational form with 1-2 
mm thick crust covered by globs dominated by angular clasts of quartz, feldspar, and gneiss. D. Thick 
crack-fill deposits from Rimrock Hill. Inset shows a close-up view; note the frequency and size of sub-
rounded to sub-angular detrital grains. 
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During a survey around the margin of the northeastern margin of the BIC 95 km to the southeast 
(70°23.76’N, 73°40.00’W ± 3 km; Fig. 2), we encountered additional carbonate crusts on recently 
deglaciated isolated bedrock outcrops within 1-2 km of the BIC and more commonly on till boulders 
ranging from 0.5 to >3 m in length. The abundance of these deposits decreased considerably 300 to 500 m 
from the BIC, and evidence of surface dissolution on the polished and fluted forms increased markedly 
farther from the BIC.  We logged carbonate deposit frequency and weathering characteristics along 
several transects to quantify these observations (Fig. 4), and the decrease in carbonate crust abundance 
corresponded to the approximate location of the maximum ice position during the Little Ice Age based on 
lichenometry and percent lichen cover on till boulders (Andrews and Webber, 1964). We suggest that 
these carbonate crusts weather rapidly and that the majority of the thin, fragile crusts are lost within 500 
to 1000 years of being exposed by retreating ice. Additional calcite crusts were observed on bedrock and 
till boulders along the recently deglaciated NW margin of the BIC (70°11.52’N, 75°10.20’W ± 500 m), 
but logistical challenges precluded a detailed study of these deposits. 
The most common carbonate deposits found on the surface of recently deglaciated till boulders 
adjacent to the northeastern margin of the BIC were fluted, laminated crusts analogous to those described 
in detail by Hallet (1976). These crusts were <0.1 to 1 cm thick, often contained sand-sized, subangular 
clasts of quartz and feldspar, and were most often found on the lee side of glacially-polished undulations 
(Fig. 3A). Some of these crusts were truncated on the down-ice side by a rim similar to where calcium 
carbonate is deposited in perched springline tufa systems due to an acceleration of water flow (Ford and 
Pedley, 1996). Below this rim, the carbonate crust was <1-2 mm thick with a surface covered in 
dissolution features. In rare cases, entire till boulder surfaces were covered by a carbonate coating a few 
millimeters thick, and well-developed fluting was absent on these surfaces (e.g., the most laterally 
extensive layer in Fig. 3C).  Some of these carbonate crusts also had multiple layers with differing 
characteristics indicating a change in local subglacial conditions between episodes of deposition (Fig. 
3C). Most often, the stratigraphically-youngest layers were globs of angular sand- to pebble-sized quartz  
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Figure 4. Frequency and weathering of subglacially precipitated carbonate crusts as a function of distance 
from the Barnes Ice Cap margin for a transect survey. Bars indicate the number of boulders observed with 
carbonate crusts within 2 m of the transect centerline. The line corresponds to a weathering index, with 0 
representing the freshest crusts and 5 the most corroded. The dashed line shows the approximate limit of 
ice margin during the Little Ice Age based on lichenometry and percent lichen cover. 
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and feldspar clasts cemented by calcium carbonate with no apparent laminations. Some of these globs 
appeared to have deformed and flowed downward into fractures and voids prior to solidification.  
U-series dating of Rimrock Hills and BIC carbonate crusts is discussed in detail in Refsnider et 
al. (in press). Using several isochron techniques to account for the presence of detrital 230Th, five different 
crusts yielded ages coincident with the global last glacial maximum (LGM, ca. 25-15 ka), making these 
the only known Pleistocene deposits of this type in the Arctic (Lacelle, 2007) and the third known locality 
at which such features were formed atop crystalline bedrock. Based on these ages and the characteristics 
of crust forms being analogous to the subglacially precipitated carbonates described in previous studies 
(Hallet, 1976; Hanshaw and Hallet, 1978) Ng and Hallet, 2002), we conclude that the carbonate crusts 
and crack-fill deposits described in this paper were precipitated subglacially.  
 
3. METHODS 
 The mineralogy of bulk carbonate crusts and local bedrock samples was determined by 
quantitative phase analysis of x-ray diffraction spectra using RockJock version 11. One gram of sample 
was mixed with 0.25 g of corundum, powdered, and analyzed using a Siemens D500 x-ray diffractometer; 
uncertainties in mineral quantification are <5% (Srodon et al., 2001; Eberl, 2003).  
The organic matter content of till samples collected from the region were also determined using 
loss on ignition (LOI). Samples were collected from 20-30 cm depth, and the silt size fraction (2-63µm) 
was separated by gravitational settling. Samples were dried at 40 °C and then baked for 2 hours at 550 °C, 
and we assume that the mass lost during this heating is primarily from organic matter. 
 Strontium isotope ratio measurements were made on the detrital residue remaining after leaching 
1 g of crushed carbonate crust in 1.5 N HCl and on the <2 mm size fraction of glaciomarine sediments 
from outcrops of the Clyde Foreland Formation along the northeastern coast of Baffin Island (Fig. 1). 
Samples were dissolved in HF and HClO4, and Sr was separated following the procedure described by 
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(Farmer et al., 1991). 87Sr/86Sr measurements were made at the University of Colorado, Boulder using a 
Finnigan-MAT 261 thermal ionization mass spectrometer in four-collector static mode.  
We analyzed O and C isotopes in carbonate crust samples and Paleozoic carbonate sedimentary 
rocks from across the region. For several of the thicker laminated crusts, measurements were made on 
material from different layers. Samples were drilled to produce powder that was dissolved in phosphoric 
acid and analyzed with a Thermo Finnigan Delta Plus XL mass spectrometer coupled to a GasBench II 
interface with a CombiPAL autosampler at the Geophysical Laboratory. Seven measurements of the 
isotopic composition of each sample were made per run, and each sample run was replicated at least once; 
replicates yielded results within 0.3‰ for δ13C and 0.5‰ for δ18O for all but two samples. Measurements 
of three different standards repeated 14 times during the sample analyses were consistently within 0.4‰ 
and 0.5‰ for δ13C and δ18O, respectively. 
Bulk bedrock samples were collected from carbonate-encrusted surfaces and analyzed for trace 
calcite content and isotopic composition. These samples were cleaned with a wire brush and boiled in 
HCl and KOH each for 30 minutes to remove any carbonate and organic surface contamination. After 
crushing, samples were baked for 2 hours at 550 °C to remove any remaining organic carbon. 
Approximately 100 mg of powder were analyzed following the O and C isotope procedure described 
above. 
We also attempted to detect the presence of organic carbon preserved within the carbonate 
precipitates. Aliquots of powdered samples were combusted at 1020 °C, and the isotopic composition of 
the carbon in the evolved CO2 was determined using a Thermo Finnigan Delta V Plus IRMS coupled to a 
Carlo Erba Elemental Analyzer. Additional aliquots of these same samples were then treated with HCl to 
remove any carbonate material before being reanalyzed. 
Till samples were prepared for palynomorph analysis by treating 5 cm3 of material with warm HF 
and HCl acid and sieving the undissolved fraction through 10 µm mesh. A carbonate crust sample was 
prepared by gradually dissolving 90 g of material in HCl and sieving the remaining sediment through 10-
64
µm mesh. Four successive treatments of warm HCl (20 minutes) and HF (overnight) reduced the solution 
volume to 1 ml. Palynomorph concentrations were determined based on the addition of a Lycopodium 
spike. The nomenclature used for Tertiary palynomorphs follows Williams and Brideaux (1975). 
 
4. RESULTS & DISCUSSION 
4.1. Mineralogy 
 All carbonate precipitate samples that were analyzed with XRD techniques are comprised of 55-
70% calcite, 15-35% quartz and feldspar, and <10% other minerals (Fig. 5). Although high-magnesium 
calcite is present in these samples, no dolomite was detected. Major oxide geochemistry for a subset of 
samples is shown in Table 1. Of note are the significantly higher manganese concentrations in the 
Rimrock Hills crack-fill deposits. Manganese precipitates are likely the cause of the dark color of these 
particular samples. 
The study area is underlain Archean and Paleoproterozoic quartzo-feldspathic gneiss and biotite 
monzogranite (St-Onge et al., 2007). A single sample of quartzo-feldspathic gneiss, the dominant rock 
type upon which we observed carbonate crusts, contains approximately 30% quartz, 30% potassium 
feldspar, and 30% plagioclase feldspar, with the remaining 10% being micas and mafic minerals (Fig. 5). 
Trace calcite concentrations in five gneissic bedrock samples determined during stable isotope analyses 
ranged from <0.005 to 0.038% by weight (Table 2).  
 
4.2 Calcium Source 
The Ca in the carbonate precipitates must be derived from one of four sources: Paleozoic 
carbonate bedrock adjacent to or within Foxe Basin (Fig. 1), Ca-bearing silicate minerals in the local 
crystalline bedrock, trace calcite in this bedrock, or atmospheric deposition of carbonate dust on the ice 
sheet surface. Sr can substitute for Ca in calcium carbonate owing to their similar ionic radii and common 
charge, and Sr is also a dispersed element in calcium carbonate, Ca-bearing feldspars, and some micas. 
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Figure 5. Mineralogy of local bedrock (M09-B156R) and carbonate crusts (all other samples) determined 
by quantitative X-ray diffraction spectra analysis. 
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Thus, the source of the Sr can be used as a proxy for the source of the Ca in the carbonate precipitates 
(Lacelle et al., 2007). 
 Sr isotope values for the carbonate crusts, crack-fill deposits, and Clyde Foreland Formation 
glaciomarine sediment (Table 1) are compared in Fig. 6 to Sr isotopic data from crystalline and carbonate 
bedrock around the region. Early Paleozoic marine carbonates have 87Sr/86Sr of approximately 0.701 
(McArthur et al., 2001), and ratios for bulk crystalline basement rock samples from across Baffin Island 
span a broad range of 0.701 to >1.0. Glaciomarine sediments from the Clyde Foreland Formation, which 
is comprised of material eroded by LIS ice while flowing across Baffin Island (Miller et al., 1977; 
Feyling-Hanssen, 1976; Mode, 1980) overlap with the range of 87Sr/86Sr of crystalline bedrock. The Sr 
isotopic composition of Baffin Bay sediments is comparable, although these sediments also include 
detrital material sourced from elsewhere in the Arctic Archipelago (Farmer et al., 2003).  The four 
carbonate crust samples from the BIC margin have 87Sr/86Sr that cluster tightly around 0.731, and the 
three crust and crack-fill deposit samples from the Rimrock Hills span a much broader range from 0.733 
to 0.777. Evaporative calcite coatings from southern Baffin Island (Lacelle et al., 2007) also span much of 
this range.  
The 87Sr/86Sr of the Rimrock Hills and BIC margin carbonate crusts are` considerably higher than 
expected if the Sr was derived solely from Paleozoic carbonate rocks in the region (Fig. 6) or from 
atmospheric deposition of CaCO3 on the surface of the LIS from more distant marine carbonate sources 
(McArthur et al., 2001). However, the 87Sr/86Sr ratios of the carbonate precipitates are well within the 
range of ratios measured in bulk crystalline bedrock samples from across Baffin Island, an indication that 
perhaps the Sr and Ca could be sourced from the local gneissic bedrock. 
Complicating this interpretation, though, is the broad range of 87Sr/86Sr for the carbonate 
precipitates and the significant difference between the Rimrock Hills and BIC margin samples. Such 
variability suggests that the Sr is not all sourced either from the same bedrock or by the same process. The 
Sr isotopic ratio of the bulk bedrock (Fig. 6) is likely higher than that of the Ca-bearing feldspars or trace 
calcite due to the presence of biotite and potassium feldspars containing more radiogenic Sr (Fig. 5;  
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Figure 6. Box plots of strontium isotopic compositions of subglacially precipitated carbonate crusts (right 
two bars), non-glacial carbonate crusts from southern Baffin Island, glaciomarine sediments, and 
crystalline and sedimentary bedrock; similar geologic materials are grouped together and shaded 
similarly. The sources, indicated by the numbers at the base of the plot, correspond to the numbered 
points in Fig. 1.  Whiskers indicate the 10th and 90th percentiles, and the boxes the 25th, median, and 75th 
for all samples except those from source 10, which show the mean, standard error, and standard deviation 
(Lacelle et al., 2007). Study sample sizes are shown at the top of the plot. 
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White et al., 1999). The higher 87Sr/86Sr in the conglomeratic Rimrock Hills crack-fill deposits could be 
explained by more rapid weathering and the physical grinding of biotite grains resulting in the release of 
more radiogenic Sr into the subglacial water (White et al., 1999; Anderson et al., 2000), although it is also 
possible that more biotite was present in the bedrock up ice flowlines from the Rimrock Hills.  
 The source of the Ca from within the local bedrock was most likely trace calcite and/or Ca-
bearing feldspars. The bedrock at the BIC margin contains up to 0.04% calcite by weight (Table 2), 
consistent with typical granitoid rocks (White et al., 1999). Due to the slow dissolution kinetics of 
plagioclase relative to calcite (Drever and Hurcomb, 1986), as well as the retrograde solubility favoring 
increased calcite solubility under subglacial conditions, calcite was likely the dominant Ca source (Brown 
et al., 1996; Tranter et al., 1997; Fairchild et al., 1999). However, as glacial erosion comminutes bedrock 
to fine-grained particles, the chemical reactivity of the material increases dramatically, and as calcite 
available for dissolution is exhausted, dissolution of Ca-bearing feldspars could become a more important 
Ca source (Fairchild et al., 1999). Our data do not allow us to evaluate the relative Ca contributions from 
trace calcite versus Ca feldspars. 
 
4.3. Oxygen Isotopes 
 We measured the oxygen isotopic composition of carbonate crust samples from the BIC margin 
and the Rimrock Hills, including both crack-fill conglomerate and surface crust material, as well as in 
glacial ice from each stratigraphic unit of the BIC described by Hooke and Claussen (1982). The results 
(Table 2) are presented in Refsnider et al. (in press), so here we include only a brief summary of the data 
and this unique geologic setting.  
Blue ice, the bulk of the BIC by volume, is present at the ice cap surface until a few hundred 
meters from the margin. Below an abrupt contact, a band of bubble-rich white ice up to 100 m thick 
overlies as much as 10 m of grey ice that attains its color from clay- to boulder-sized clastic debris. 
Oxygen isotope measurements of ice were previously made along the southern margin of the BIC (Hooke, 
1976; Hooke and Claussen, 1982; Zdanowicz et al., 2002), and (Hooke and Claussen, 1982) hypothesized 
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that the blue ice (δ18O ca. -23‰ VSMOW) formed during the Holocene, the highly depleted white ice (<-
30‰) formed during the Pleistocene as part of the LIS, and the grey basal ice (ca. -25‰) is a regelation 
layer derived from the overlying Pleistocene ice. The isotopic data from Zdanowicz et al.(2002) support 
this stratigraphic model, and our data (Fig. 7, Table 2) demonstrate that the isotope stratigraphy along the 
northern BIC margin is consistent with that of the southern margin (Table 2 and Fig. 7). 
 The oxygen isotopic composition of the carbonate crusts and crack-fill deposits are compared to 
Ordovician marine carbonate rocks from the region and to carbonate crust samples from the southeastern 
LIS (Hillaire-Marcel et al., 1979) in Table 2 and Fig. 8. The BIC margin subglacial carbonate mean δ18O 
is 6.6 ± 0.8‰ (± 1 standard deviation; Fig. 8). The Rimrock Hills samples form two clusters, one being 
the isotopically heavier crack-fill deposits (8.4 ± 0.4‰) and the other the isotopically lighter crusts (5.0 ± 
0.4‰). From these measurements, the isotopic composition of the ice from which the basal meltwater 
was derived can be estimated. In Fig. 8, we show both the measured δ18O values of the carbonate 
precipitates and the calculated values for the basal ice under the closed-system hydrological scenario 
using a CaCO3-H2O fractionation factor of 33.6 (Kim and O’Neil, 1997) and assuming that the carbonate 
was precipitated at 0 °C in isotopic equilibrium with subglacial meltwater (Hallet, 1976; Hanshaw and 
Hallet, 1978). We acknowledge that while pressure melting likely occurred at temperatures slightly below 
0 °C, no empirically derived fractionation factors are available for such conditions. 
The resulting calculated δ18O values (mean of -24.0 ± 0.8‰ from 22 BIC margin carbonate crust 
samples) for the glacial ice source are indistinguishable from the isotopic compositions of the debris-
laden BIC basal ice (mean of -24.0 ± 0.6‰). The agreement between the δ18O of the BIC basal ice and 
the BIC margin carbonate crusts formed during the LGM (Refsnider et al., in press) provides additional 
support for the hypothesis that such carbonates can act as archives of the isotopic composition of past 
glaciers and ice sheets as suggested by Hanshaw and Hallet (1978), but only of the basal ice as postulated 
by Hillaire-Marcel et al. (1979). 
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Figure 7. View of the BIC margin at the western end of Conn Lake. The three ages and stratigraphic 
layers of ice (Hooke and Claussen, 1982) are labeled, and the oxygen isotopic compositions of the ice we 
sampled (Table 2) are included for reference. Actual sampling locations were several kilometers to the 
south. 
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Figure 8. Oxygen isotopic composition of the subglacially precipitated carbonates (dark grey filled 
symbols), BIC ice (filled light grey symbols), and Paleozoic carbonate bedrock from the region. The open 
symbols show the expected isotopic composition of the ice source of the meltwater from which the 
carbonate precipitated; see text for a discussion of how these calculations were performed. 
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4.4. Carbon isotopes 
 Carbonate crust samples have δ13C between -11 and -7‰ VPDB (Table 2 and Fig. 9). The 
conglomeratic crack-fill deposits are isotopically lighter than nearly all crust samples, and subglacially 
precipitated carbonate samples are 3 to 16‰ more depleted in 13C than Paleozoic carbonate bedrock. 
Possible sources for the carbon in the precipitates include (1) Paleozoic carbonate bedrock within Foxe 
Basin, (2) atmospherically-deposited carbonate material, (3) atmospheric carbon from CO2 trapped in air 
bubbles in the ice, (4) the oxidation of organic carbon, or (5) trace calcite in the local gneissic bedrock. 
Our Sr isotope data eliminates carbonate bedrock or dust as possible sources of the Ca, and the δ13C of the 
carbonate precipitates, which are far more negative than would be expected if the carbon was derived 
from a marine carbonate source, support this conclusion (Fig. 9).  
We again assume that CaCO3 precipitation occurred in equilibrium with subglacial meltwater 
under closed-system conditions at 0 °C and at a neutral pH. At this temperature, the precipitated calcite 
should be enriched by ca. 12‰ relative to the dissolved CO2 gas source (Romanek et al., 1992). Rapid 
calcite precipitation could result in an additional kinetic fractionation of -2.2‰ (Turner, 1982). Such a 
fractionation has not been identified in other studies (Chacko and Deines, 2008), and we do not include 
this in our calculations. For carbon originating from the oxidation of organic matter, we assume an initial 
δ13C of -25 to -28‰, typical of Arctic plants (Körner et al., 1991), and an enrichment of the resulting 
calcite precipitate of 12‰ (Romanek et al., 1992). 
Air bubbles trapped in the BIC white Pleistocene ice are ubiquitous and occur in the debris-laden 
basal ice (Hooke and Claussen, 1982), which suggests that atmospheric CO2 trapped in air bubbles in ice 
melting at the bed is a viable C source. However, the expected calcite δ13C from an atmospheric C source 
is more than 13‰ greater than the measured values (Fig. 9). Aharon (1988) concluded that the carbon 
source for the subglacial carbonates deposited upon crystalline bedrock in the Vestfold Hills of Antarctica 
was atmospheric CO2 trapped in the overlying glacial ice. However, calcite δ13C was 9 to 12‰ heavier 
than expected based on the thermodynamic and kinetic fractionations discussed above, requiring an  
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Figure 9. Carbon isotopic composition of the subglacially precipitated carbonates, trace calcite, and 
Paleozoic bedrock from the region. The pairs of vertical bars show the isotopic composition of carbon 
from plant matter and atmospheric CO2 and the expected isotopic composition of precipitated carbonate 
comprised of carbon exclusively from one of these two sources; see text for a discussion of how these 
calculations were performed. Analytical uncertainties are smaller than the size of the symbols unless 
otherwise indicated. 
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additional undocumented kinetic fractionation of -9 to -12‰ during CO2 invasion into the subglacial 
water to explain the difference. In the case of the BIC margin and Rimrock Hills precipitates, the 
fractionation would need to be at least as large in magnitude as the calcite enrichment of 13 to 14.4‰. 
With no documentation of a mechanism capable of such fractionation, we conclude that atmospheric CO2 
alone is unlikely to be the source of C. 
Carbon could also be delivered to basal meltwater through the oxidation of plant matter preserved 
at the glacier bed from previous interglaciations . The presence of a Betula-rich pollen assemblage in BIC 
basal meltout till (discussed below), as well as nearby organic-rich pre-LGM deposits (Terasmae et al., 
1966; Bethune and Scammell, 2003; Morgan et al., 1993), demonstrates that organic material from 
previous interglaciations was preserved beneath the LIS through the last glaciation. LOI measurements on 
the silt size fraction of 4 till samples on and immediately adjacent to the BIC margin yielded organic 
matter contents between 0.8% and 2.0%. The silt fractions of 12 additional till samples collected from the 
broader central Baffin Island region contain on average 6.3 ± 4.4% organic matter by weight (Table 3). 
Therefore, organic matter is relatively abundant in modern surface tills and forms a minor constituent of 
till melting out of Pleistocene ice at the base of the BIC. 
To test if any detectable organic matter is preserved within the crusts, we performed two 
additional series of C isotope analyses. The CO2 released from 16 samples that were combusted at 1020 
°C and measured by EA-IRMS has δ13C values that are on average 0.8‰ lighter than δ13C measurements 
by direct acidification. This result is indicative of an organic matter source within the carbonate (Table 1). 
We tested this interpretation by measuring the δ13C on additional material from a subset of the same 
samples following an acidification step that dissolved all carbonate. The CO2 released upon combustion 
of the post-acidification residue had a mean δ13C of -25.8‰ and only 0.1-0.2% C by weight (Table 1). 
This isotopic signature is within the range of Arctic plant-derived C (Körner et al., 1991), suggesting that 
a significant mass of organic C was preserved at the bed of the LIS in this region throughout the last 
glacial cycle and that the oxidation of that organic matter may have contributed CO2 to LIS basal  
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meltwater during the LGM. However, the expected calcite δ13C for a purely organic C source would be 
between 0.5 and 6‰ more depleted than the observed values (Fig. 9), indicating that organic C cannot be 
the sole C source for the carbonate crusts. 
The remaining possible carbon source is from trace calcite within the local bedrock (up to 0.04% 
by weight; Table 2). The presence of such calcite in granitic and gneissic bedrock is well documented 
(White et al., 2005), but we are only aware of measurements of the carbon isotopic composition of trace 
calcite by Zhao et al. (2001). These authors measured 17 samples of Phanerozoic granite and found δ13C 
to range from -2.9 to -27.8‰ with a mean of -8.6‰. We measured the isotopic composition of trace 
calcite in 5 gneissic samples from rocks on which we also sampled calcite crusts, and the bedrock δ13C 
ranges between -4.0 and -7.5‰ with a mean of -6.4‰ (Table 2).  
Although we found a wide range of δ13C for the trace calcite in local bedrock samples, the mean 
value (-6.4‰) requires a substantial contribution of isotopically-depleted organic matter to explain the 
measured δ13C of the carbonate crusts. We used a two-component mixing model to estimate the relative 
contribution of C from dissolved trace calcite and oxidized plant matter. For the trace calcite, we assumed 
complete fractionation-free dissolution of material with δ13C of -6.4‰ and a fractionation of 12‰ during 
subsequent carbonate precipitation (Romanek et al., 1992). We used a δ13C value of -25.8‰ for preserved 
subglacial organic matter (Table 2), assumed that no appreciable fractionation occurred during oxidation 
(Wynn, 2007), and again used a fractionation of 12‰ during calcite precipitation.  If there was an excess 
of C derived from trace calcite, 70-90% of the C must be derived from an organic source in order to 
explain the measured carbonate crust δ13C range of –7.3 to -11.7‰. If all carbon from the trace calcite 
source was precipitated during the formation of a crust, the bulk carbonate δ13C would not have been 
affected by the 12‰ fractionation during formation. In this scenario, only 15-75% of the precipitated C 
originated from oxidized organic matter. Any contribution from trapped atmospheric CO2 released from 
melting basal ice reduces the required C derived from trace calcite. 
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4.5. Rimrock Hills crack-fill conglomerates 
 We are not aware of any other published descriptions of subglacial carbonate deposits similar to 
the conglomeratic, porous, crack-fill material found in the Rimrock Hills (Fig. 3D). These deposits are 
essentially carbonate-cemented till, and their geochemical signatures are different from those of the other 
carbonate precipitate deposits. These differences include higher Mn concentrations, higher 87Sr/86Sr, more 
negative δ13C, and less negative δ18O. The non-conglomeratic samples from the Rimrock Hills are similar 
to the BIC margin samples, although the Mn concentrations of the former are moderately higher. The one 
dated conglomeratic sample (M09-B064R) is of comparable age to the BIC margin samples (Refsnider et 
al., in press), indicating that while precipitation occurred at approximately the same time, subglacial 
conditions at these two sites may have differed. 
Differences in the Sr isotopic compositions of the Rimrock Hills samples could be related to 
subglacial weathering. Because analyses were all performed on the leachate after treating the samples 
with dilute HCl, the results should reflect compositional differences of the carbonate rather than clastic 
fractions. As discussed above, the higher 87Sr/86Sr, as well as the higher Mn concentrations could be 
explained by more extensive subglacial weathering of biotite and/or a greater abundance of biotite. 
The unique δ18O of the Rimrock Hills samples could be related to the formation of other 
carbonate minerals or different subglacial hydrological conditions. The co-precipitation of dolomite or 
high-magnesium calcite, the latter of which is present in the conglomeratic deposits, would shift the 
isotopic composition of the carbonate crust toward less enriched δ18O values (Chacko and Deines, 2008; 
Land, 1980) rather than the more enriched values we measured. Instead, the more negative δ18O could be 
indicative of carbonate precipitation under slightly different subglacial hydrological conditions. The δ18O 
data show that the calcite in the crack-fill deposits was precipitated from subglacial water that was already 
depleted in 18O relative to the meltwater from which the other carbonate crusts precipitated. If bedrock 
fractures acted as conduits through which meltwater was removed from the bed of the LIS and into the 
groundwater system, it is possible that progressive freezing and thawing within near-surface fractures 
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resulted in an enrichment of 18O in the residual ice as 16O was preferentially lost in the liquid phase that 
drained into the fracture network (Jouzel and Souchez, 1982; Souchez and Lemmens, 1985). This is a 
process that Hooke and Claussen (1982) suggested could partially explain the isotopic enrichment in the 
basal ice of the BIC relative to the overlying bubble-rich ice. 
 
4.6. Enigmatic Tertiary palynomorphs 
Two previous studies targeting palynomorphs in the carbonate crusts atop South Rimrock Hill 
documented pollen and spores from taxa last endemic to the Canadian Arctic in the early Tertiary 
(Andrews et al., 1972; White, 2005). The presence of such ancient palynomorphs in carbonate features 
precipitated beneath the LIS in the absence of proximal bedrock sources is particularly perplexing. We 
analyzed the palynomorph content of one subglacial carbonate crust and two till samples collected from 
along the BIC margin. The till samples, englacial debris that was melting out of the Pleistocene basal ice 
of the BIC, were composed of material eroded and entrained by the LIS. Palynomorph preservation is 
generally poor, with many individual grains exhibiting thin exine and scabrate-verrucate texture. Such 
degradation makes taxonomic classification difficult, thus we adopted a conservative approach: we place 
cf. in front of taxa names and classifying all Betula and similar pollen as Betuloids (Table 4). 
 The palynomorph content of carbonate crust sample M09-B154R was analyzed to determine 
whether Tertiary pollen is present in crusts formed beneath the LIS at the modern BIC margin. The pollen 
and spore concentration in this sample is 2.5x greater than concentrations in the BIC till samples. 
Betuloid pollen grains and monolete spores are the dominant taxa, and Ericaceae and Lycopodium are 
notably less abundant than in the till samples. White (2005) reported high concentrations of Betula grains 
and Laevigatosporite spores, the latter of which would be classified as a monolete spore in our 
identification. Three monolete spores in this sample are characterized by a dark colored and either thick 
or striate exine, likely representing Tertiary taxa. The material analyzed by Andrews et al. (1972) was 
dominated by Engelhardtia and Liriodendron pollen and monolete spores. Engelhardtia (Juglandaceae: 
Corylus and Myrica) identification was hampered by the degraded nature of the pollen, making the  
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distinction between Corylus and Betula difficult. Thus, both are classified as Betuloids in Table 4; 
however, positively identified Myrica grains are present in this sample. Liriodendron pollen was not 
observed in this sample, but other likely Tertiary palynomorphs present in low abundances include 
extratriporopollenites, pterocarypollenites, tricolpites, and dark, scabrate-verrucate tetrads. We conclude 
that these palynomorphs are representative of comparable early Tertiary assemblages contained in the 
Rimrock Hills carbonate crusts (Andrews et al., 1972; White, 2005). 
 To estimate the proportion of total organic matter in the carbonate crusts represented by 
palynomorphs, we calculated their approximate mass. Assuming an average spherical grain size of 20 µm, 
a crust density of 2.3 g cm-3, and using the pollen size-mass relationship determined by Roulston et al. 
(2000), the palynomorph weight percent in sample M09-B154R is 0.00001%. As discussed above, the 
carbonate crusts contain an average of 0.14% carbon by weight, so palynomorphs comprise only a minor 
component of this total organic material.  
 The two till samples from the BIC margin have similar palynomorph concentrations and 
compositions, dominated by Betuloids and Ericaceae (Table 4). Possible Tertiary taxa include 
retitricolpites, triporopollenites, Alnipollenites, and possibly Deltodospora. The relatively high Betuloid 
and Ericaceae concentrations in the BIC till samples reflect the plant community on central Baffin Island 
existing under conditions warmer than present, presumably during the last interglaciation when shrub 
tundra vegetation was more abundant in the region (Fréchette et al., 2006). Both samples should be 
devoid of Holocene palynomorphs due to their recent meltout from LGM ice at the base of the BIC. The 
high concentrations of Betuloid and Ericaceae indicate that the erosional efficiency of the LIS was 
insufficient in this region during the last glaciation to remove all unconsolidated surficial material. Pollen-
bearing sediment is apparently diluted with bedrock erosion products and preserved in the basal till-rich 
ice.  
Organic-rich pre-LGM deposits have been documented from nearby sites (Terasmae et al., 1966; 
Morgan et al., 1993), indicating that the preservation of pollen through a glacial-interglacial cycle is not 
unprecedented on central Baffin Island. The presence of Tertiary palynomorphs within glacial deposits, 
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however, requires another explanation. A mechanism for the enrichment of palynomorphs in the 
carbonate crusts relative to the till also remains problematic. Early Tertiary bedrock that could provide a 
source for such palynomorphs has not been mapped on or near the LIS flow lines to the southwest of the 
BIC (Morrell et al., 1995; Sanford and Grant, 1998; St-Onge et al., 2007). During the rifting of Baffin 
Island and Greenland in the late Cretaceous and early Tertiary, sediments were deposited in narrow 
structural basins along the eastern coast of Baffin Island and are now exposed near Pond Inlet, southeast 
of Qivitu, and on the continental shelf in Baffin Bay (Fig. 1; Burden and Langille, 1990; St-Onge et al., 
2007; Praeg et al., 1986). Some of the Tertiary palynomorphs present on central Baffin Island have been 
identified in these rocks, but the Tertiary palynomorph assemblages in the subglacial carbonates are most 
similar to those of the Eureka Sound Group (Upper Cretaceous to Oligocene), which crops out on the 
distant western islands of the Canadian Arctic Archipelago (McIntyre, 1989; McIntyre, 1991). It is 
possible that undocumented early Tertiary bedrock is present within Foxe Basin and that these 
palynomorphs were derived from those rocks by ice-sheet erosion, but this explanation is unlikely. 
Widespread hydrocarbon exploration and geologic mapping within Foxe Basin has not located any 
remnant early Tertiary outcrops (Trettin, 1975; Morrell et al., 1995; Sanford and Grant, 1990; Sanford 
and Grant, 1998), and there are no non-carbonate sedimentary clasts within glacial deposits in the BIC 
region (Utting et al., 2008; Dredge, 2004). A dramatic change in ice flow patterns across the eastern 
Canadian Arctic could have delivered till bearing eroded Tertiary bedrock at some time in the past, but 
fiord development and the preservation of 1-Ma-old till on parts of the Baffin Island interior (Refsnider 
and Miller, 2010) suggest otherwise.  
The most plausible explanation for the presence of early Tertiary palynomorphs is that the region 
was once covered by a thin veneer of sedimentary rocks of this age prior to the onset of continental 
glaciation. Recurrent episodes of glaciation removed this material, freeing ancient palynomorphs in the 
process. Over successive glacial cycles, these palynomorphs were recycled, physically abraded, and 
diluted by freshly-eroded bedrock.  In areas where cold-based ice limited basal sliding and ice velocities 
(Staiger et al., 2006; Briner et al., 2008; Refsnider and Miller, 2010), this material has been subjected to 
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minimal transport. It is also possible that a cold-based ice cap analogous to the BIC has covered central 
Baffin Island during most interglaciations, preserving older till and preventing substantial accumulation 
of younger pollen. Cosmogenic radionuclide inventories in till boulders along the northern BIC margin 
are characterized by low nuclide concentrations and exceptionally low 26Al/10Be, interpreted to be due to 
nearly continuous burial for the past 2.5 Ma (Refsnider et al., 2010). Such a scenario is compatible with 
nearly persistent ice-cap cover during interglaciations, but additional lines of evidence are required to 
further test our hypothesis for the source of the Tertiary palynomorphs.  
 
5. CONCLUSIONS 
Calcite crusts are preserved on gneissic bedrock and till boulders on central Baffin Island in a 
region recently deglaciated by the LIS. The absence of such features on surfaces exposed prior to the 
Little Ice Age, with the exception of the thicker crack-fill deposits in the Rimrock Hills, suggests that 
calcite crusts may have been widespread during deglaciation but subsequently destroyed by acidic 
meteoric water and physical weathering. The subglacial precipitation of such crusts during the LGM 
indicates that the base of the LIS was at pressure melting for at least some part of the LGM. 
Sr, C, and O isotopic measurements of the carbonate crusts and crack-fill deposits provide 
considerable insight into how such features can form in the absence of carbonate bedrock. The Sr isotopic 
composition of the calcite is inconsistent with a marine carbonate source, implying that the Ca must have 
been derived from the subglacial weathering of Ca-bearing minerals in the local crystalline bedrock. We 
show that trace calcite present in this bedrock was likely the dominant source of this Ca, although Ca-
bearing feldspars may also have been important. This finding underscores the influence of subglacial 
chemical weathering beneath the Foxe Sector of the LIS during the LGM. δ13C data suggest that the C 
required for carbonate precipitation was derived from a combination of trace calcite in the local bedrock 
and organic material remaining beneath the LIS from the previous interglaciations. Preservation of this 
organic matter, some of which is incorporated into the carbonate crusts, required relatively inefficient 
glacial scouring during the last glacial cycle. The calculated δ18O of the subglacial meltwater from which 
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carbonate crusts precipitated matches the isotopic composition of the BIC basal ice but not the overlying 
bubble-rich Pleistocene ice. This demonstrates that such carbonates record only the δ18O of basal ice 
affected by regelation 
Tertiary palynomorphs are preserved in low concentrations in carbonate crust material in the 
Rimrock Hills and along the northern BIC margin and within till melting out of BIC basal ice. We 
hypothesize that this pollen was derived from a thin veneer of early Tertiary sedimentary strata that was 
removed from the region by Pleistocene ice-sheet erosion. However, in order for this pollen to have 
persisted in this landscape, subsequent glacial erosion must have been minimal. 
 
6. ACKNOWLEDGEMENTS 
This research was funded by NSF awards ARC-0903024 and ARC-0454662. The Polar Continental Shelf 
Project and the Nunavut Research Institute provided logistical support, and the Carnegie Institution of 
Washington provided analytical support. We thank Robert Anderson, Suzanne Anderson, Guy 
Harrington, and Christopher Florian for insightful discussions, Chance Anderson for spirited assistance in 
the field, Charles McCaffree for helping with sample preparation, and the Inuit of Nunavut for permission 
to work on their land. 
 
7. REFERENCES 
Aharon, P. (1988), Oxygen, carbon, and U-series isotopes of aragonites from Vestfold Hills, Antarctica: 
clues to geochemical processes in subglacial environments, Geochimica et Cosmochimica Acta, 52, 2321-
2331. 
Anderson, S. P., J. I. Drever, C. D. Frost, and P. Holden (2000), Chemical weathering in the foreland of a 
retreating glacier, Geochimica et Cosmochimica Acta, 64, 1173-1189. 
Andrews, J. T., G. K. Guennel, J. L. Wray, and J. D. Ives (1972), An early Tertiary outcrop in north-
central Baffin Island, Northwest Territories, Canada: Environment and significance, Canadian Journal of 
Earth Sciences, 9, 233-238. 
Andrews, J. T., and P. J. Webber (1964), A lichenometrical study of the northwestern margin of the 
Barnes Ice Cap: a geomorphological technique, Geographical Bulletin, 22, 80-104. 
86
Bethune, K. M., and R. J. Scammell (2003), Geology, geochronology, and geochemistry of Archean rocks 
in the Eqe Bay area, north-central Baffin Island, Canada: constraints on the depositional and tectonic 
history of the Mary River Group of northeastern Rae Province, Canadian Journal of Earth Sciences, 40, 
1137-1167. 
Briner, J. P., G. H. Miller, R. Finkel, and D. P. Hess (2008), Glacial erosion at the fjord onset zone and 
implications for the organization of ice flow on Baffin Island, Geomorphology, 97, 126-134. 
Brown, G. H., M. Tranter, and M. Sharp (1996), Experimental investigations of the weathering of 
suspended sediment by alpine glacial meltwater, Hydrological Processes, 10, 579-597. 
Burden, E. T., and A. B. Langille (1990), Stratigraphy and sedimentology of Cretaceous and Paleocene 
strata in half-grabens on the southeast coast of Baffin Island, Northwest Territories, Bulletin of Canadian 
Petroleum Geology, 38, 185-196. 
Chacko, T., and P. Deines (2008), Theoretical calculation of oxygen isotope fractionation factors in 
carbonate systems, Geochimica et Cosmochimica Acta, 72(15), 3642–3660. 
Dredge, L. A. (2004), Till geochemistry results, central Baffin Island, Nunavut (NTS 37A, 37D, 27B, 
27C), Geological Survey of Canada, Open File 4543. 
Drever, J. I., and D. R. Hurcomb (1986), Neutralization of atmospheric acidity by chemical weathering in 
an alpine drainage basin in the North Cascades Mountains, Geology, 14, 221-224. 
Eberl, D. D. (2003), User guide to RockJock: A program for determining quantitative mineralogy from X-
ray diffraction data, U.S. Geological Survey, Open File Report, 03-78, revised 2009, 40 pp. 
Fairchild, I. J., L. Bradly, and B. Spiro (1993), Carbonate diagenesis in ice, Geology, 21, 901-904. 
Fairchild, I., J. A. Killawee, B. Hubbard, and W. Dreybrodt (1999), Interactions of calcareous suspended 
sediment with glacial meltwater: a field test of dissolution behaviour, Chemical Geology, 155, 243-263. 
Farmer, G. L., D. C. Barber, and J. T. Andrews (2003), Provenance of Late Quaternary ice-proximal 
sediments in the North Atlantic: Nd, Sr and Pb isotopic evidence, Earth and Planetary Science Letters, 
209, 227-243. 
Farmer, G. L., D. E. Broxton, R. G. Warren, and W. Pickthorn (1991), Nd, Sr, and O isotopic variations 
in metaluminous ash-flow tuffs and related volcanic rocks at the Timber Mountain/Oasis Valley Caldera 
Complex, SW Nevada: implications for the origin and evolution of large-volume silicic magma bodies, 
Contributions to Mineralogy and Petrology, 109, 53-68. 
Feyling-Hanssen, R. W. (1976), The stratigraphy of the Quaternary Clyde Foreland Formation, Baffin 
Island, illustrated by the distribution of benthic foraminifera, Boreas, 5, 77-94. 
Ford, T. D., and H. M. Pedley (1996), A review of tufa and travertine deposits of the world, Earth-Science 
Reviews, 41, 117-175. 
Fréchette, B., A. P. Wolfe, G. H. Miller, P. J. H. Richard, and A. de Vernal (2006), Vegetation and 
climate of the last interglacial on Baffin Island, Arctic Canada, Palaeogeography, Palaeoclimatology, 
Palaeoecology, 236, 91-106. 
87
Hallet, B. (1976), Deposits formed by subglacial precipitation of CaCO3, Geological Society of America 
Bulletin, 87, 1003-1015. 
Hanshaw, B. B., and B. Hallet (1978), Oxygen isotope composition of subglacially precipitated calcite: 
possible paleoclimate implications, Science, 200, 1267-1270. 
Hillaire-Marcel, C., J.-M. Soucy, and A. Cailleux (1979), Analyse isotopique de concretions 
sousglaciaires de l’inlandsis laurentidien et teneur en oxygene 18 de la glace, Canadian Journal of Earth 
Sciences, 16, 1494-1498. 
Hillaire-Marcel, C., and C. Causse (1989), The late pleistocene Laurentide glacier: Th/U dating of its 
major fluctuations and [delta] 18O range of the ice, Quaternary Research, 32(2), 125–138. 
Hooke, R. L. (1976), Pleistocene ice at the base of the Barnes Ice Cap, Baffin Island, NWT, Canada, 
Journal of Glaciology, 17, 75. 
Hooke, R. L., and H. B. Claussen (1982), Wisconsin and Holocene del18O variations, Barnes Ice Cap, 
Canada, Geological Society of America Bulletin, 93, 784-789. 
Johns, S. M., and M. D. Young (2006), Bedrock geology and economic potential of the Archean Mary 
River group, northern Baffin Island, Nunavut, Geological Survey of Canada, Current Research 2006-C5, 
13 p. 
Jouzel, J., and R. A. Souchez (1982), Melting-refreezing at the glacier sole and the isotopic composition 
of the ice, Journal of Glaciology, 28, 35-42. 
Kamb, B. (1970), Sliding motion of glaciers: theory and observations, Reviews in Geophysics and Space 
Physics, 8, 673-728. 
Kim, S., and J. O’Neil (1997), Equilibrium and nonequilibrium oxygen isotope effects in synthetic 
carbonates, Geochimica et Cosmochimica Acta, 61(16), 3461–3475. 
Körner, C., G. D. Farquhar, and S. C. Wong (1991), Carbon isotope discrimination by plants follows 
latitudinal and altitudinal trends, Oecologia, 88, 30-40. 
Lacelle, D. (2007), Environmental setting, (micro) morphologies and stable CO isotope composition of 
cold climate carbonate precipitates–a review and evaluation of their potential as paleoclimatic proxies, 
Quaternary Science Reviews, 26(11-12), 1670–1689. 
Lacelle, D., B. Lauriol, and I. D. Clark (2007), Origin, age, and paleoenvironmental significance of 
carbonate precipitates from a granitic environment, Akshayuk Pass, southern Baffin Island, Canada, 
Canadian Journal of Earth Sciences, 44(1), 61–79. 
Landi, A., A. R. Mermut, and D. W. Anderson (2003), Origin and rate of pedogenic carbonate 
accumulation in Saskatchewan soils, Canada, Geoderma, 117(1-2), 143–156. 
Lemmens, M., R. Lorrain, and J. Haren (1982), Isotopic composition of ice and subglacially precipitated 
calcite in an Alpine area, Zeitschrift für Gletscherkunde und Glazialgeologie, 18(151-159). 
Liu, G., R. Luo, J. Cao, and Z. Cui (2005), Processes and environmental significance of the subglacial 
chemical deposits in Tianshan Mountains, Science in China Series D: Earth Sciences, 48, 1470-1478. 
88
McArthur, J. M., R. J. Howarth, and T. R. Bailey (2001), Strontium isotope stratigraphy: LOWESS 
version 3: best fit to the marine Sr-isotope curve for 0–509 Ma and accompanying look-up table for 
deriving numerical age, The Journal of Geology, 109, 155-170. 
McIntyre, D. J. (1989), Paleocene palynoflora from northern Somerset Island, District of Franklin, 
N.W.T., in: , Current Research, Part G, Geologic Survey of Canada, Paper 89-1G, pp. 191-197. 
McIntyre, D. J. (1991), Pollen and spore flora of an Eocene forest, eastern Axel Heiberg Island, N.W.T., 
in: Tertiary fossil forests of the Geodetic Hills, Axel Heiberg Island, Arctic Archipelago; Geological 
Survey of Canada Bulletin 403, pp. 83-97. 
Miller, G. H., J. T. Andrews, and S. K. Short (1977), The last interglacial-glacial cycle, Clyde foreland, 
Baffin Island, N.W.T.: stratigraphy, biostratigraphy, and chronology, Canadian Journal of Earth Sciences, 
14, 2824-2857. 
Mode, W. N. (1980), Quaternary stratigraphy and palynology of the Clyde Foreland, Baffin Island, 
N.W.T., Canada, Unpublished Ph.D. Dissertation. University of Colorado - Boulder. 
Morgan, A. V., M. Kuc, and J. T. Andrews (1993), Paleoecology and age of the Flitaway and Isortoq 
interglacial deposits, north-central Baffin Island, Northwester Territories, Canada, 30, (954-974). 
Morrell, G. R., M. Fortier, P. R. Price, and R. Polt (1995), Petroleum exploration in northern Canada: A 
guide to oil and gas exploration potential, Minister of Indian Affairs and Northern Development Report. 
Ng, F., and B. Hallet (2002), Patterning mechanisms in subglacial carbonate dissolution and deposition, 
Journal of Glaciology, 48, 386-400. 
Nye, J. F. (1969), A calculation of the sliding of ice over a wavy surface using a Newtonian viscous 
approximation, Proceedings of the Royal Society of London, Series A, 311, 445-467. 
Praeg, D. B., B. Maclean, I. A. Hardy, and P. J. Mudie (1986), Quaternary geology of the southeast 
Baffin Island continental shelf, Geological Survey of Canada, Paper 85-14, 38. 
Refsnider, K. A., G. H. Miller, J. P. Briner, and D. H. Rood (2010), Deciphering ice-sheet erosion in the 
eastern Canadian Arctic on million-year time scales, Geological Society of America Abstracts with 
Program, 42, 230. 
Refsnider, K. A., G. H. Miller, C. Hillaire-Marcel, M. Fogel, B. Ghaleb, and R. Bowden (in press), 
Subglacial carbonates constrain basal conditions and oxygen isotopic composition of the Laurentide Ice 
Sheet over Arctic Canada, Geology. 
Romanek, C. S., E. L. Grossman, and J. W. Morse (1992), Carbon isotopic fractionation in synthetic 
aragonite and calcite: effects of temperature and precipitation rate, Geochimica et Cosmochimica Acta, 
56, 419-430. 
Roulston, T. H., J. H. Cane, and Buchmann, S.L. (2000), What governs protein content of pollen: 
Pollinator preferences, pollen-pistil interactions, or phylogeny?, Ecological Monographs, 40, 617-643. 
Sanford, B. V., and A. C. Grant (1990), New findings relating to the stratigraphy and structure of the 
Hudson Platform, Current Research, Part D, Geological Survey of Canada, Paper, 90-1D, 17-30. 
89
Sanford, B. V., and A. C. Grant (1998), Paleozoic and Mesozoic geology of the Hudson and southeast 
Arctic platforms, Geological Survey of Canada, Open File 3595. 
Sharp, M., J.-L. Tison, and G. Fierrens (1990), Geochemistry of subglacial calcites: implications for the 
hydrology of the basal water film, Arctic and Alpine Research, 22, 141-152. 
Souchez, R. A., and M. Lemmens (1985), Subglacial carbonate deposition—an isotopic study of present-
day case, Palaeogeography, Palaeoclimatology, Palaeoecology, 51, 357-364. 
Srodon, J., V. A. Drits, D. K. McCarty, J. C. C. Hsiem, and D. D. Eberl (2001), Quantitative x-ray 
diffraction analysis of clay-bearing rocks from random preparations, Clays and Clay Minerals, 49, 514-
528. 
St-Onge, M. R., A. Ford, and I. Henderson (2007), Digital geoscience atlas of Baffin Island (south of 
70°N and east of 80°W), Nunavut, Geological Survey of Canada Open File, 5116 (DVD). 
Staiger, J. W., J. C. Gosse, E. C. Little, D. J. Utting, R. Finkel, J. V. Johnson, and J. Fastook (2006), 
Glacial erosion and sediment dispersion from detrital cosmogenic nuclide analyses of till, Quaternary 
Geochronology, 1, 29-42. 
Terasmae, J., P. J. Webber, and J. T. Andrews (1966), A study of late-Quaternary plant-bearing beds in 
north-central Baffin Island, Canada, Arctic, 19, 296-318. 
Tranter, M., M. J. Sharp, G. H. Brown, I. C. Willis, B. P. Hubbard, M. K. Nielsen, C. C. Smart, S. 
Gordon, M. Tulley, and H. R. Lamb (1997), Variability in the chemical composition of in situ subglacial 
meltwaters, Hydrological Processes, 11, 59-77. 
Trettin, H. P. (1975), Investigations of lower Paleozoic geology, Foxe Basin, northeastern Melville 
Peninsula, and parts of northwestern and central Baffin Island, Geological Survey of Canada, Bulletin, 
251, 177 pp. 
Turner, J. V. (1982), Kinetic fractionation of carbon-13 during calcium carbonate precipitation., 
Geochimica et Cosmochimica Acta, 46, 1183-1191. 
White, A. F., T. D. Bullen, D. Vivit, M. S. Schulz, and D. W. Clow (1999), The role of disseminated 
calcite in the chemical weathering of granitoid rocks., Geochimica et Cosmochimica Acta, 63, 1939-1953. 
White, A. F., M. S. Schulz, J. B. Lowenstern, D. . Vivit, and T. D. Bullen (2005), The ubiquitous nature 
of accessory calcite in granitoid rocks: Implications for weathering, solute evolution, and petrogenesis, 
Geochimica et Cosmochimica Acta, 69, 1455-1471. 
White, J. M. (2005), Palynological report on sample of probably Eocene age from NTS 037 E/12, Baffin 
Island, Geological Survey of Canada Report 05-JMW-2005. 
Williams, G. L., and W. W. Brideaux (1975), Palynological analyses of upper Mesozoic and Cenozoic 
rocks of the Grand Banks, Atlantic continental margin, Geological Survey of Canada, Bulletin 236, 162. 
Wynn, J. G. (2007), Carbon isotope fractionation during decomposition of organic matter in soils and 
paleosols: Implications for paleoecological interpretations of paleosols, Palaeogeography, 
Palaeoclimatology, Palaeoecology, 251, 437-448. 
90
Zdanowicz, C. M., D. A. Fisher, I. Clark, and D. Lacelle (2002), An ice-marginal del18O record from 
Barnes Ice Cap, Baffin Island, Canada, Annals of Glaciology, 35, 145-149. 
Zhao, Z.-F., Y.-F. Zheng, C.-S. Wei, and B. Gong (2001), Carbon concentration and isotope composition 
of granites from southeast China, Physics and Chemistry of the Earth (A), 26, 821-833. 	  	  
 
91
CHAPTER 5: A CHRONOLOGICAL FRAMEWORK FOR THE CLYDE FORELAND 
FORMATION, EASTERN CANADIAN ARCTIC, DERIVED FROM AMINO ACID 
RACEMIZATION AND COSMOGENIC RADIONUCLIDES1 
 
 
ABSTRACT 
The most extensive terrestrial outcrops of glacial and glaciomarine deposits in the North American Arctic 
are exposed in sea cliffs along the Clyde Foreland and Qivitu Peninsula of Baffin Island. Collectively 
known as the Clyde Foreland Formation (CFF), these stacked deposits record at least seven glacial 
advances. Despite having been the focus of numerous investigations spanning nearly 50 years, no 
absolute chronological framework for the age of the deposits has been established. Previous studies relied 
on biostratigraphy and amino acid racemization (AAR) geochronology and postulated that the oldest units 
were Late Pliocene to Mid-Pleistocene in age. In this paper, we use a cosmogenic radionuclide isochron 
approach to determine a minimum age for the burial of a paleosol preserved within the CFF. Abundant 
palynomorphs in the paleosol are dominated by cool-climate taxa. Combining the paleosol burial age with 
a compilation of published and new CFF AAR data for marine bivalves Hiatella arctica and Mya 
truncata, we statistically define seven CFF aminozones and develop a piecewise isoleucine AAR 
calibration model for Baffin Island. From this, we estimate the minimum age of each aminozone, 
although the propagation of errors through all calculations produces large uncertainties for each age 
estimate. The youngest three CFF units, known as the Kogalu, Kuvinilk, and Cape Christian members, 
were most likely deposited during glaciations in the Mid- to Late-Pleistocene. The paleosol formed prior 
to 1.15 ± 0.20 Ma, and the underlying aminozones represent Early Pleistocene or latest Pliocene 
glaciations and record early advances of Laurentide ice across Baffin Island.  
 
 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1	  Refsnider, K.A., G.H. Miller, B. Fréchette, and D.H. Rood, in review. A chronological framework for 
the Clyde Foreland Formation, eastern Canadian Arctic, derived from amino acid racemization and 
cosmogenic radionuclides. Quaternary Geochronology.	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1. INTRODUCTION 
 The most extensive outcrops of superposed glacial and glaciomarine deposits in the North American 
Arctic are found along the northeastern coast of Baffin Island on the Clyde Foreland and Qivitu Peninsula 
(Fig. 1A).  Exposed in wave-eroded cliffs are cyclical sedimentary facies deposited on coastal lowlands 
during successive glaciations (Miller et al., 1977; Nelson, 1981) collectively comprising the Clyde 
Foreland Formation (CFF; (Feyling-Hanssen, 1976b; Andrews et al., 1985; Miller, 1985). During an 
individual sedimentation cycle, the growth of the Foxe Sector of the Laurentide Ice Sheet (LIS; Fig. 1A) 
isostatically depressed Baffin Island the resulting marine transgression inundated these lowlands. The 
deposition of silts and sublittoral sand continued until ice advances deposited distal- to proximal 
glaciomarine sediment, followed by till. As ice retreated, this sequence reversed, and pedogenesis began 
following a marine regression and reemergence of the coastal lowlands. 
 Exposures of Plio-Pleistocene sedimentary deposits are found throughout the North American 
Arctic and at locations around Greenland (Bennike et al., 2002, 2010; Feyling-Hanssen et al., 1983; 
Funder et al., 2001), northern Alaska (Brigham-Grette and Carter, 1992), and scattered sites across the 
Arctic Archipelago (Brigham-Grette et al., 1987; Devaney, 1991; Fyles et al., 1998; Matthews, 1989; 
Vincent, 1990). However, the majority of previously studied marine sediments were deposited during 
eustatic marine transgressions and provide only limited information about past glacial advances and 
marine conditions during glaciations. Additionally, most of these deposits span only brief intervals of 
time and interpretations are hampered by ambiguous chronologies. In contrast, the CFF contains a 
sedimentological succession of seven distinct major Quaternary continental glaciations, as well as a 
paleontological record of conditions during each of these intervals.  
 Since Goldthwait (1964) first described these deposits, the CFF has been the subject of investigations 
of micropaleontology (Feyling-Hanssen, 1976, 1980, 1985; Feyling-Hanssen et al., 1983), 
aminostratigraphy (Miller et al., 1977; Miller, 1985; Mode, 1980; Nelson, 1982), sedimentology and 
stratigraphy (Løken, 1966; Mode, 1980; Nelson, 1981), facies changes (Nelson, 1981), and palynology 
(Miller, 1976; Mode, 1980). These studies were all limited by the inability to reliably apply any absolute  
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Figure 1. (A) Map of Baffin Island showing locations of sites discussed in the text. The box around the 
Clyde Foreland denotes the area enlarged in B. The position of Baffin Island with respect to the LIS at 21 
ka is shown in the inset map. (B) Shaded relief map of the Clyde Foreland showing the location of the 
dated paleosol near the Kuvinilk River. The prominent 35- and 80 m a.s.l. raised shorelines are marked by 
dashed lines. Elevations range from 0-100 m a.s.l. (white) to >500 m a.s.l. (black). 
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dating tools to the CFF. Absolute dating efforts, some of which were ineffective (Kaufman et al., 1993), 
have only succeeded in placing minimum-limiting age estimates on some of the deposits using 
radiocarbon and U-series methods, the results of which suggest the oldest deposits are >300 ka (Szabo et 
al., 1981). Using amino acid racemization (AAR) measurements and a range of probable effective 
diagenetic temperatures (EDTs; the kinetic average post-depositional temperature experienced by a 
sample), Miller (1985) suggested that the oldest aminozone is likely 1.6 to 7.9 Ma, and Feyling-Hanssen 
(1985) inferred a latest Pliocene or Early Pleistocene age for the oldest CFF sediments from tentative 
biostratigraphic correlations to dated Plio-Pleistocene deposits elsewhere in the Arctic. 
 Despite the prodigious body of prior CFF research, the resulting detailed micropaleontological 
record, and the presence of some of the oldest deposits from major LIS advances, we still lack a reliable 
chronological framework for these sediments. In an effort to make headway into this problem, we apply a 
cosmogenic radionuclide (CRN) isochron burial dating technique (Balco and Rovey, 2008) to a newly 
identified paleosol preserved within one of the oldest aminozones of the CFF (Fig. 1B; section 4.2.2). By 
using the resulting minimum age to calibrate AAR, we present a refined chronology for the CFF. We also 
analyzed the palynomorphs within the paleosol, which provide a glimpse into the climate during an Early 
Pleistocene interglaciation and coastal sediment recycling during preceding glaciations. 
 
2. METHODS 
2.1. Cosmogenic radionuclide geochronology 
 The paleosol we dated was developed in a 5-m-thick deposit of marine sand that was 
subsequently buried by glaciomarine deposits. The upper 2 m of the sand is horizontally bedded, and the 
lower 3 m have 1-m-tall planar crossbeds. The paleosol is exposed at a height of 28.5 m a.s.l. in 32-m-tall 
cliffs 2.8 km northwest of the mouth of the Kuvinilk River (Fig. 1B). A dark reddish-brown band of 
oxidized sand, interpreted as a preserved A horizon, gradually fades to the pale yellow color of the 
medium-grained sand parent material over 80 cm (Fig. 2). The paleosol surface, as well as the gradient in 
color, remain undeformed and of nearly constant thickness over a distance of 300 m along the cliff,  
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Figure 2. Photograph of the dated paleosol. The light colored marine sand in which the paleosol formed 
are overlain by glaciomarine sediments. Sampling locations, spanning 3 m vertically, are indicated by the 
black ellipses. Note the hand and shovel in the lower left corner for scale. 
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suggesting that localized erosion of the A horizon was minimal and that cryo- and bioturbation have not 
substantially altered the soil profile. Immediately overlying the paleosol is horizontally bedded silty, grey, 
coarse-grained sand that grades upward into cobbly silt. Mollusc valves are present in the uppermost 20 
cm of the parent material, but whole valve fragments are uncommon; we collected the most complete 
specimens for AAR measurement. Poorly preserved shell fragments are common in the overlying cobbly 
silt. The paleosol is visually similar to the Cape Christian soil described by Miller et al. (1977), but the 
latter formed in thinner marine sand deposit overlying finer grained sediment below, making it less 
amenable to isochron burial dating. 
 The dating of sediment burial using CRNs is often complicated or rendered impossible by an 
unknown inherited CRN inventory and post-burial CRN production (Balco and Rovey, 2008; Granger 
and Muzikar, 2001). An isochron dating approach described by Balco and Rovey (2008) makes use of the 
common post-burial history of a series of samples collected from a vertical profile beneath a horizon, 
such as a paleosol, that experienced exposure at the landscape surface immediately prior to burial. 
Subsequent to burial, each sample will experience some additional nuclide production as secondary 
cosmic-ray particle energy, particularly that of muons, gradually attenuate with depth. However, the 
relative change in CRN inventories among the different samples can be predicted based on their depth 
relationships. Based on these relationships, an age for the timing of burial of the horizon from which the 
samples were collected can be calculated. Thus, this dating method provides an age for the timing of 
burial of a buried soil rather than an age for the formation of the soil. 
We sampled the paleosol at 1-7, 15-20, 89-95, and 295-300 cm below the preserved surface of the 
dark A horizon (Fig. 2). In preparation for CRN analyses, approximately 100 g of pure quartz was 
isolated from each sample following the methods described by Kohl and Nishiizumi (1992), spiked with a 
low-background 9Be carrier solution, and dissolved. We isolated Be and Al at the University of Colorado 
Cosmogenic Isotope Laboratory following a procedure similar to that of Bierman et al. (1999). Isotope 
ratios were measured at LLNL-CAMS using accelerator mass spectrometry (AMS Rood et al., 2010).  
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2.2. Amino acid racemization geochronology 
2.2.1. AAR measurement 
 We collected valves of the ubiquitous marine mollusc Hiatella arctica from CFF exposures along 
the outer coasts of the Clyde Foreland and Qivitu Peninsula to aid in stratigraphic correlation using AAR. 
The free amino acid (FAA) fraction is created during natural hydrolysis reactions that release amino acids 
from polypeptide chains. The total hydrolysate amino acid (THAA) fraction includes both free and 
peptide-bound amino acids. For most samples, we measured the AAR of both fractions in five individual 
shells collected at each sample site, but fewer individuals were measured when five were not available. 
Reported errors for a sample represent ±1σ about the sample mean, and for individual measurements, the 
uncertainty is reported as the product of the measurement and the mean 1σ of all samples represented as a 
relative uncertainty.  
Material from the thickest part of the valve adjacent to the hinge was cleaned with an abrasive 
rotary tool, broken out of the shell, and etched stoichiometrically with HCl to remove 33% of the 
material. Samples were then dissolved and prepared for the measurement of the THAA by hydrolyzing 
samples in 6N HCl under N2 at 110 °C for 22 hours; samples prepared for FAA were not hydrolyzed. We 
initially used ion-exchange (IE) liquid-chromatography to separate and detect alloisoleucine/isoleucine 
peak height ratios (A/I) following the procedure outlined in Miller (1985). However, poorly resolved 
peaks in the FAA fraction of some younger samples were problematic, and we began using reverse phase 
high performance liquid chromatography (RP HPLC) following a procedure similar to that described in 
Kaufman and Manley (1998) to measure D/L valine ratios. We then converted the RP HPLC peak area 
ratios to equivalent IE A/I values based on a suite of samples that were measured using both methods and 
incorporated uncertainties in the calculated regression relationships. Uncertainties in the regression slope 
and y-intercept were calculated using the method of York (1966). 
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2.2.2. Compilation of older data 
 We include the results of prior AAR studies of the CFF in order to better define CFF aminozones. 
These studies include work on the Clyde Foreland (Miller et al., 1977; Miller, 1985; Mode, 1980), the 
Qivitu Peninsula (Brigham, 1983; Nelson, 1978, 1982), and Broughton Island (Brigham, 1983; Nelson, 
1978, 1982). Changes in sample preparation procedures necessitate some adjustments to the published A/I 
ratios in accordance with the conversion factors described in Miller (1985), and uncertainties in these 
factors were propagated through all calculations.  We also compiled the results of isothermal heating 
experiments on Hiatella arctica and Mya truncata shells to better constrain the Arrhenius parameters 
required to define the temperature dependency of the racemization reaction. A/I ratios measured during 
these experiments were also adjusted based on the sample preparation methods used.  
 
2.3. Paleosol palynomorph analysis 
One sample of the paleosol A horizon was prepared for palynomorph analysis by treating 5 cm3 
of material with warm HF and HCl and sieving the undissolved fraction through 10 µm mesh. 
Palynomorph concentrations were determined based on the addition of a Lycopodium spike. 
 
3. RESULTS 
3.1. CRN measurements 
 The 10Be and 26Al concentrations in samples from the depth profile through the paleosol decrease 
exponentially with depth as expected (Table 1; Fig. 3), and the concentrations in the paleosol are 
relatively low at 0.9 and 3.2 x 105 atoms/g SiO2 for 10Be and 26Al in the A horizon, respectively. The 
26Al/10Be ratio of 3.8 is consistent with burial for a minimum of 1.15 Ma, assuming that the ratio was at 
the surface production ratio upon burial. 
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Figure 3. Plot of the 10Be and 26Al concentrations for each of the four samples in the depth profile shown 
in Fig. 3. Error bars show 1σ analytical uncertainties; if no error bars are visible, the errors were less than 
the width of the symbol. The measured concentrations profiles decrease exponentially with depth, as 
shown by the two simple exponential functions. 
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3.2. AAR measurement and compilation 
 Results from AAR measurements on 284 individual valves or valve fragments collected from the 
CFF on the Clyde Foreland and Qivitu Peninsula are listed in Table DR1 (see end of chapter). Because 
our data include A/I ratios measured using IE methods and D/L valine ratios measured using HPLC, we 
converted the valine data to A/I equivalent values. The relationship between measured RP HPLC peak 
area ratios and IE A/I values and the regression equations for both FAA and THAA are shown in Fig. 4A. 
Correlation coefficients for the FAA and THAA are quite high at 0.81 and 0.89 for 36 and 32 individual 
samples, respectively. To confirm that it is appropriate to separate the FAA and THAA data for these 
regressions, we show that the relative extent of racemization in the FAA and THAA A/I and D/L valine 
fractions evolve following different trajectories (Fig. 4B).   
All CFF FAA and THAA A/I data from individual shell measurements in this and previous 
studies (n = 629) are plotted in Fig. 5, excluding values from Mode (1980), some of which have notably 
lower A/I ratios for the THAA relative to other CFF studies. This is most likely due to differences in the 
sample preparation procedure, but we are unable to confidently adjust these data as we do for the other 
previously published datasets. The remainder of the data from five separate studies all plot within 
overlapping envelopes. The only outliers excluded from Fig. 5 are 3 samples with FAA ratios >1.35, the 
A/I racemization equilibrium (Miller, 1985).  
 
3.3. Palynomorph analysis 
 The paleosol A horizon has a pollen and spore concentration of 62,000 grains/cm3 of which 1,018 
were counted and identified (Table 2). The dominant taxa are Lycopodium spores and Ericaceae pollen, 
and pteridophyta and spermatophyta comprise 59% and 41% of the grains, respectively. Poaceae are 
common, but Betula are rare. Two cf. Cicatricosisporite spores (Williams and Brideaux, 1975) a species 
not known to be present in the Arctic since the Tertiary (Burden and Langille, 1991), were also identified. 
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Figure 4. Relationships between D/L valine reverse-phase HPLC and D/L isoleucine (A/I) ion exchange 
LC measurements on the same samples. (A) FAA and THAA A/I measurements and associated linear 
regression equations. (B) D/L measurement results plotted as FAA versus THAA A/I for each amino acid. 
The significantly different exponential regressions for these two datasets confirms that using different 
regressions for FAA and THAA, as shown in A, is appropriate due to differences in the racemization 
kinetics of these two fractions. 
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Figure 5. CFF AAR data. Compilation of all AAR measurements of Hiatella arctic and Mya truncata 
valves from five different studies of the CFF. Aminozones, determined as described in section 4.2.1, are 
identified with the black ellipses, and the range of AAR values from Hiatella valves preserved within the 
paleosol are restricted to within the dashed ellipse. The inset plot includes only AAR data that were 
collected from sedimentary layers with observable stratigraphic and relative chronologic relationships. 
Most individual measurements fall within the appropriate aminozone, although molluscs with higher-
than-expected A/I provide clear evidence of sediment reworking. 
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4. DISCUSSION 
4.1. Isochron burial dating 
4.1.1. Theory 
 The isochron burial dating approach is based upon the common post-burial history of a series of 
samples collected from a vertical profile beneath a horizon that has experienced prior exposure at the 
landscape surface. In our application, this horizon is a paleosol. If the parent material in which this soil 
developed was homogenous with respect to the CRN inventory inherited from prior to soil development, 
the CRN concentrations in the paleosol should decrease exponentially with depth. And due to the 
common history, the 10Be and 26Al concentrations in samples collected from a depth profile through the 
buried soil are linearly related (Fig. 6A). The slope of a line fit through such samples, plotted in 10Be-26Al 
space, is a function of the unique production rates and decay constants of 10Be and 26Al and any post-
depositional CRN production. However, the slope of this line is independent of any inherited CRN 
inventory.  
We use an isochron-dating algorithm (Balco and Rovey, 2008) to calculate the time of paleosol 
burial, and hence, an age for the overlying unit. After making an initial estimate of the burial age based on 
the slope of a line defined by the measured 10Be and 26Al concentrations, post-burial CRN production is 
calculated based on the post-depositional burial history of the paleosol (described further in 4.1.2). Based 
on the estimated burial age and post-burial CRN production, the CRN inventory at the time of production 
is calculated, and the burial age is recalculated. Using this adjusted age, post-burial production, initial 
CRN inventory, and burial age are recalculated iteratively until the burial ages converge to a solution. In 
addition to the burial age, the duration of soil formation and the inherited CRN inventory are determined. 
Uncertainties in the burial age are calculated using a relatively simple approach of adding in quadrature 
the product of the 1σ uncertainty in each parameter with the partial derivative of the age with respect to 
that parameter, assuming that the errors are normally distributed.  
 
 
106
 0 1 2
0
5
10
1.15
 ± 0
.20 
Ma
[10Be] (105 atoms/g SiO2)
[26
Al
] (
10
5 a
to
m
s/
g 
Si
O
2)
1.50.5
Su
rfa
ce
 pr
od
uc
tio
n
00.20.40.60.81.01.2
1
2
3
4
5
6
Time (Ma)
D
ep
th
 (1
03
 g
/c
m
3)
9
10
8
[26Al] at paleosol surface (104 atom
s/g SiO
2)
[10Be] (105 atoms/g SiO2)
105104 106103
1
0.8
0.6
0.4
0.2
[26
Al
]/[
10B
e]
 *
1.4
11
12
1.58
 ± 0.
24 M
a
Measured
Corrected for post-burial production
CRN inventory at time of burial 
Complete burial
2.5 m till, 10% exposure, 100 m ice depth
4.5 m till, 20% exposure, 50 m ice depth
B
C
A
200 ka
400 ka
600 ka
800 ka
1 Ma
2 Ma
3 Ma
10 ka 100 ka
1 Ma
107
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 (previous page). Results of CRN burial dating model. (A) Isochron burial dating model results 
for two different post-burial shielding scenarios. With zero post-burial CRN production (complete burial), 
the minimum age for the burial of the paleosol is 1.15 ± 0.20 Ma (1σ uncertainty), while a more 
reasonable shielding scenario corresponds to an age of 1.58 ± 0.24 Ma. (B) The time-dependent depth 
scenario used for the past 1.5 Ma is shown in grey, and the evolution of the 26Al concentration of the 
uppermost CRN sample for this scenario is shown in black. Error ellipses show the 1σ uncertainty for 
each point. (C) 10Be-26Al two-isotope plot with site-normalized 10Be concentrations and 26Al/10Be 
normalized to the surface production ratio of 6.75. The black subhorizonal curves show CRN 
concentrations for surface exposure under zero erosion or steady erosion scenarios. The subhorizontal 
dashed curves are continuous burial isochrons, and the subvertical dashed lines track the trajectory of the 
CRN inventory of a sample following deep burial. Plotted are the post-burial CRN trajectories for three 
different shielding scenarios for the uppermost sample. See section 4.1.4 for a discussion of the different 
initial 26Al/10Be for each scenario. 
108
4.1.2. Post-depositional burial history  
The burial history of a soil will have a dramatic influence on the CRN concentrations of quartz 
within the paleosol as overlying material attenuates the energy of secondary cosmic ray particles (Balco 
and Rovey, 2008; Granger and Muzikar, 2001). Because of this, a burial history must be explicitly 
defined in our model. For a particular package of sediment within the CFF, this postdepositional burial 
history is governed by (1) periodic burial by marine water and glacial ice, (2) the deposition of younger 
sediment packages, and (3) the erosional removal of younger deposits.  
 For the majority of the time since deposition, CFF has been covered by marine water and cold-
based ice delivered to the coastal lowlands by outlet glaciers flowing from the Foxe Dome of the LIS. The 
depth of water or the thickness of this ice is difficult to constrain on a Pleistocene timescale, but we can 
draw from knowledge of the last glacial cycle. The highest marine limit on the Clyde Foreland is 80 m 
a.s.l., and U-series, CRN, and biostratigraphic dating of this feature suggests that it formed prior to 70 ka 
(Briner et al., 2005; Miller et al., 1977; Szabo et al., 1981). Deltas formed along raised shorelines 27-35 m 
a.s.l. were formed at ca. 10 ka, suggesting subaerial exposure of the entire Clyde Foreland by shortly 
thereafter (Miller et al., 1977). These data suggest that CFF deposits currently exposed along the outer 
Clyde Foreland coastline were covered by a considerable depth of water by 70 ka and were most likely 
not exposed subaerially again until the Holocene. Shielding by cold-based ice advancing over the Clyde 
Foreland occurred at least four times during the past 100 ka, depositing only scattered erratic boulders 
across much of the peninsula (Briner et al., 2005). The thickness of ice covering the foreland during these 
advances is poorly constrained, but 10Be surface-exposure ages from erratic boulders on a hilltop at 450 m 
a.s.l. suggest deglaciation of the summit at ~12 ka, so the ice thickness over the modern cliffs was at least 
several hundred meters during the last of these advances (Briner et al., 2005).  
Using the results of prior stratigraphic studies and local sedimentological observations as 
guidance (Fig. 7), we identified two discrete stratigraphic units overlying the paleosol. The lower unit 
consists of 10 cm of coarse sand with minor silt and pebbles overlying the paleosol, 90 cm of cobbly silt  
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Figure 7. Sedimentary stratigraphy for the upper portion of the cliffs in and adjacent to the paleosol 
exposures. Sections shown in this figure are each separated by approximately 200 m. Stippled patterns 
show sand-dominated deposits, dashed are silt- and clay-rich facies, and patterns including larger shapes 
are coarser glaciomarine deposits. Profiles are each approximately 200 m apart. Hiatella sample locations 
are indicated by open points, and average A/I values are shown in the form THAA/FAA. A/I values from 
sediments below the paleosol clearly fall into Aminozone 6, whereas the single sample from the overlying 
till corresponds to aminozone; note that the AAR from this sample is from Mode (1980) and as discussed 
in section 3.2, the THAA value is likely low. 
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above grading into a layer of 100 cm of fine sand. The second unit is 90-110 cm of interbedded eolian 
sands and peat of the Eglinton Member of the CFF, deposited during the Holocene (Miller et al., 1977).  
 Evidence of extensive erosion of CFF sediments following deposition is not widespread. Broad 
cut-and-fill features several hundred meters in width exist within the stratigraphy at several locations 
(Feyling-Hanssen, 1976; Miller et al., 1977). Unconformities are present between units deposited during 
different glaciations/interglaciations, but whether these unconformities represent periods of erosion or 
nondeposition is difficult to ascertain. The juxtaposition of Holocene sediments directly overlying one of 
the older CFF units at the site of the newly discovered paleosol represents a particularly large 
unconformity. From the CFF stratigraphy at other sites, we know that a minimum of four marine 
transgressions and major glacial advances took place in the interim (Fig. 5; Nelson 1982), suggesting that 
a complete absence of erosion during this period is unlikely. We assume that the thickness of 
glaciomarine sediment overlying the paleosol can only be used as a minimum constraint for the burial 
depth of the paleosol. 
 Using these constraints, we explored a variety of step-wise burial histories for the sediment in 
which the paleosol formed (see example in Fig. 6B). Following the period of subaerial exposure during 
which soil development occurred, burial by a minimum of 2.5 m of marine and glaciomarine sediment 
occurred, followed by the deposition of 1 m of Holocene sand and peat at 5 ka (Miller, 1985). We used 
glaciation cycles of 41-ka until 900 ka and 100-ka until the present and a density of 1 g/cm3 to simplify 
burial by ice and water during glaciations. 
 
4.1.3. Other defined parameters 
CRN production rates used are from the calibration data set of Balco et al. (2008), adjusted for 
the revised 10Be decay constant and AMS standards (Nishiizumi et al., 2007), and scaled following Stone 
(2000). Other parameters related to CRN systematics are in accordance with those of version 2.2 of the 
CRONUS-Earth online 26Al-10Be exposure age and erosion rate calculators, including the muon 
attenuation algorithm based on Heisinger et al. (2002a, 2002b). However, an anticipated result of the 
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ongoing CRONUS-Earth Project is that the Heisinger et al. (2002a, 2002b) model overestimates muon 
production by a factor of 3 (Phillips, 2011). We will briefly address the effect of such a revision to the 
muon production parameters on our modeling. The estimated density for the sand in which the paleosol 
formed of 1.9 ± 0.1 g/cm3, which was likely saturated and/or frozen for much of its history. The overlying 
glaciomarine sediments and the uppermost meter of Holocene peaty sediments have estimated densities of 
1.9 ± 0.1 and 1.5 ± 0.2 g/cm3, respectively.  
 
4.1.4. Modeled paleosol burial age 
The simplest scenario to model is the end-member case of no post-burial CRN production. If we 
assume that there has been complete shielding of the paleosol since burial, deposition of the Aminozone 5 
sediments took place at 1.15 ± 0.20 Ma (Fig. 6A). This age represents a minimum constraint on the burial 
of the paleosol.  
A more plausible post-depositional modeled burial history based upon the constraints discussed in 
section 4.1.2 involves cyclic burial by water and ice. We defined interglaciations to be 20% of the length 
of a glacial-interglacial cycle (referred to subsequently as 20% exposure), burial by 50 m of water 
equivalent (5,000 g/cm2) during glaciations, continuous burial by 2.5 m of sediment cover (450 ± 25 
g/cm2), and the addition of 1 m of Holocene sediment (180 ± 20 g/cm2) at 5 ± 1 ka. Such a scenario 
results in paleosol CRN concentrations that are incompatible with the measured concentrations due to 
insufficient shielding. Increasing the burial during glaciations to 10,000 g/cm2 produced the same results. 
Halving the length of subaerial exposure during interglaciations and assuming burial by 5,000 and 10,000 
g/cm2 during glaciations produced modeled burial ages of 2.23 ± 0.43 and 1.94 ± 0.34 Ma, respectively. 
Burial by more than 10,000 g/cm2 during glaciations will not appreciably reduce the modeled burial age. 
However, based on the latest Pleistocene and Holocene deglaciation and sea level history of the Clyde 
Foreland discussed in section 4.1.2, 10% exposure during interglacial-glacial cycle length is unreasonably 
short. 
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 An alternate suite of post-depositional burial histories involves the removal of some overlying 
sediment by erosion during the Pleistocene. Using a scenario in which the initial sediment package 
burying the paleosol was 4.5 rather than 2.5 m thick and that 2 m of this sediment was eroded during the 
last glaciation, we found that modeled for burial by 5,000 and 10,000 g/cm2 of water equivalent during 
glaciations and 20% exposure, burial ages decrease to 1.58 ± 0.24 and 1.49 ± 0.23 Ma, respectively (Fig. 
6A). Increasing the depth of the sediment package over the same interval to 6.5 m, the burial ages for 
these scenarios become 1.41 ± 0.22, and 1.35 ± 0.20, respectively. As expected, increased burial 
decreases the modeled paleosol burial age since any post-burial production increases the time required for 
CRN concentrations to decay to a given value. 
Also note that the modeled normalized initial 26Al/10Be ratios decrease with increasing post-burial 
CRN production (Fig. 6C). This is due to the cumulative effects of sediment burial, reworking, and 
subsequent exposure during soil formation on the CRN inventory of the paleosol samples. Evidence for 
the reworking of older sediments by shallow marine processes and glacial erosion has been observed in 
the CFF outcrops on the Qivitu Peninsula (Nelson, 1981, 1982), and our model results indicate that it was 
likely that additional sediment was present above the paleosol for some duration of time, only to be 
removed by erosive processes. While initial 26Al/10Be ratios are determined by the model for each 
scenario, our knowledge of the history of the marine sands in which the soil formed is insufficient to 
utilize the inherited CRN inventory to evaluate whether or not the scenarios discussed above are 
plausible. 
From these model simulations, we show that the minimum age of the sediments that buried the 
paleosol is 1.15 ± 0.20 Ma. Any revision to muon production parameters will not affect this age. Based 
upon the loose constraints discussed in section 4.1.2, we would argue that a modeled age of 1.58 ± 0.24 is 
more reasonable for these sediments. A reduction in muon production to 30% of the Heisinger et al. 
(2002a, 2002b) model would reduce this modeled age to 1.25 ± 0.21. For the remainder of this paper, we 
use the minimum age for calibrating AAR in the CFF. 
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4.2. Calibrating AAR rates 
4.2.1. Defining CFF aminozones 
We separated the compiled AAR data  (Fig. 5) into seven aminozones using k-means clustering 
analysis. Extensive stratigraphic (Mode, 1980; Nelson, 1981) and biostratigraphic (Feyling-Hanssen, 
1976, 1980) studies of the CFF identified at least seven discrete units of marine and glaciomarine 
sediments; AAR of reworked mollusc shells suggest that at least one older unit may exist, but no 
exposures of such units have been identified (Nelson, 1982). The aminozones identified by the clustering 
analysis are shown in Table 3 and Fig. 5. These aminozones are similar to those defined using 
substantially smaller datasets from the Clyde Foreland (Miller, 1985) and the Qivitu Peninsula (Nelson, 
1982). Aminozone 7 includes several data points that may be from reworked shells derived from an older 
deposit.  
In order to further assess the validity of the aminozone definitions from the clustering analysis, 
we examined our new AAR data from the Clyde Foreland and Qivitu Peninsula using samples collected 
from sites where we are confident of the stratigraphy and relative chronology. We define the FAA and 
THAA A/I for a particular sample as the mean of the individual measurements from each sample and 
excluding any outlying individual measurements that fall more than 1σ from the mean. Each sample mean 
was assigned to a particular aminozone based on the clustering analysis results. Then for each aminozone, 
we plotted the individual measurements, including outliers, that were included in the calculation of the 
sample means (Fig. 5 inset). This analysis demonstrates that the majority of individual measurements fall 
within the appropriate aminozone, but molluscs with A/I ratios older than expected are common, most 
likely due to reworking of older deposits. A few samples also contained shells with lower A/I ratios than 
expected, but most of these have elevated THAA A/I compared to other samples with comparable FAA 
A/I. The cause of this discrepancy is uncertain, but between this and the overlap between adjacent 
Aminozones 3 through 6, we suggest that in the absence of other stratigraphic evidence, the assignment of 
samples to a particular aminozone should be considered to have an uncertainty of one aminozone.
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4.2.2. Stratigraphic setting of the paleosol 
The stratigraphy and AAR ratios from Hiatella samples of the cliff exposures in the vicinity of 
the dated paleosol are shown in Fig. 7. The paleosol can be traced horizontally over a distance of 400 m 
as it overlies marine sands and generally underlies a thin sandy layer that is covered by 1-2 m of cobbly 
silt, which is interpreted to be a proximal glaciomarine deposit (Mode, 1980; Nelson, 1981). Shell 
samples within the marine sand have mean A/I ratios ranging from 0.19 to 0.26 (THAA) and 1.01 to 1.07 
(FAA), corresponding to the boundary between Aminozones 5 and 6 (Fig. 5). One sample from the 
glaciomarine deposits above has a ratio of 0.85 for the FAA (Mode, 1980), corresponding Aminozone 5.  
We interpret this stratigraphy to represent marine sand deposition, followed by isostatic rebound 
and a period of subaerial exposure several tens of thousands of years in length during which soil 
development occurred. Based on the A/I values of shells in the overlying glaciomarine sediment, burial of 
this soil occurred during the next extensive glacial advance when the Clyde Foreland was 
glacioisostatically depressed below sea level, marine sands and some pebbles covered the soil, and then 
ice advanced toward the modern coastline.  
 
4.2.3. A linear model for isoleucine epimerization 
In order to mathematically describe isoleucine epimerization as a function of time and 
temperature, several parameters must be determined empirically, and a mathematical expression can then 
be defined to characterize the relationship between sample age and the extent of AAR. In this section, we 
go through this process for the THAA and define a piecewise racemization model with a linear function 
for low A/I (<0.3) values when kinetics conform to reversible first-order kinetics and a logarithmic 
function for later stages of racemization. 
From the equilibrium constant, K, 1.30 ± 0.05 (McCoy, 1987; Miller, 1985), the reciprocal K’, is 
0.77 ± 0.031. The constant, C, describing the racemization was calculated by Miller (1985) and McCoy 
(1987) to be 0.0194 ± 0.0013. The forward rate constant, k1, is a function of temperature, T (expressed in 
K) and can be expressed by the Arrhenius equation  
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k1 = Ae(-Ea/RT)   (1) 
 
where A is the frequency factor constant, Ea is the activation energy, and R is the gas constant (1.9872 
calories K-1 mole-1). Ea and A are derived from heating experiments performed at a range of temperatures 
for which Ea is constant (T < 160 °C) and regressing the reaction rate against the reciprocal of the 
temperature (McCoy, 1987; Miller, 1985). We compiled the results of such heating experiments on 
Hiatella arctica and Mya truncata shells and calculated k1 values for each experiment, excluding any 
values in which A/I values exceeded 0.3. The AAR rates within the shells of these two species are 
statistically indistinguishable (Miller, 1985). From this same study, we incorporate AAR ratios from 
radiocarbon dated shell samples collected at sites with a wide range of modern temperatures.  
From these results, shown in Fig. 8B, we calculated Arrhenius parameters Ea and A by fitting a 
least-squares linear regression following York (1966) yields 
 
log k1 = 16.22 (± 0.07) – 6050 (± 25)/T  (2) 
 
for which Ea = 27,635 ± 56 calories/mole and A = 16.22 ± 0.07 (Fig. 8A). From this, an age-prediction 
equation for isoleucine racemization can be derived following Schroeder and Bada (1976) and Miller 
(1985): 
 
t = ln((1 + A/I)/(1 – A/I K’)) – C / ((1 + K’) 10(A – 6050/T))  (3) 
 
where t is the duration of time since the death of the mollusc in years. This equation can be rearranged to 
solve for T, the EDT, if t is independently known. These equations define a linear model for isoleucine 
epimerization, and using the minimum age estimate for the independently dated paleosol, we constructed 
an AAR calibration curve appropriate for THAA A/I ratios ≤0.3 (McCoy, 1987; Miller, 1985). Hiatella  
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Figure 8. Results of heating experiments on Hiatella arctica and Mya truncata shell fragments. The error 
ellipses in both plots denote 1σ uncertainties. (A) A/I values transformed using Eqn. 4 are plotted against 
the logarithm of heating time for experiments run at a temperature of 160 °C. The logarithmic function 
shown in the plot, which yields constants a and b from Eqn. 4, provides a good approximation for the 
experimental data, which at these high A/I values, do not conform to reversible first-order kinetics. (B) 
Arrhenius diagram showing the relationship between the logarithm of the forward rate constant for 
isoleucine epimerization and temperature. Data are derived from the results of heating experiments (e.g., 
points in upper left of Fig. 8A) and from the epimerization rates measured for radiocarbon-dated Late 
glacial shells from a range of environments (points in lower right of Fig. 8A). 
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shells with a THAA A/I of 0.23 ± 0.03 are present in the sediment buried at 1.15 ± 0.2 Ma, though the 
shells are marginally older since they were deposited prior to soil formation and subsequent burial. Using 
this mean A/I and the minimum age of 1.15 ± 0.2 Ma for t, we solved Eqn. 3 to compute an EDT of -9.3 ± 
1.7 °C for the shells in the paleosol (Fig. 9 inset) and a corresponding forward rate constant, k1, of (2.15 ± 
0.62) x 10-7. For comparison, using a burial age of 1.58 ± 0.24 Ma results in an EDT of -10.9 ± 1.9 °C and 
k1 = (1.53 ± 0.45) x 10-7. These and all subsequent uncertainties were calculated at 1σ using a Monte 
Carlo approach with 1000 simulations assuming that the error in each parameter is normally distributed 
about the mean. For comparison, the uncertainties in the EDT calculated using this method and Eqn. 7 of 
McCoy (1987) differ by only 0.2 °C, but the Monte Carlo approach is more suitable for subsequent error 
analyses. 
 The calculated EDT for molluscs from Aminozone 5 is reasonable when considering the burial 
history outlined in section 4.1.4. The modern mean annual and mean summer temperatures at Clyde 
(1971-2000) are -12.8 °C and 3.2 °C, respectively. Permafrost is present below ~50 cm, so the entire CFF 
is frozen today. The temperature of the sediment during glaciations is more difficult to estimate, but while 
covered by marine water, permafrost temperature would approach 0 °C. During glaciations, these 
sediments would be colder beneath glacial ice. While we are unable to model the thermal history of the 
sediment with any confidence, the modeled EDT is consistent with what we know about the thermal 
history of the CFF. We assume that the EDT calculated for 1 to 1.5 Ma shells is a reasonable value for all 
Quaternary sediment experiencing a full glacial-interglacial cycle. With that assumption, we used the 
EDT calculated for the Hiatella shells in the paleosol to calculate ages for each younger aminozone based 
on the mean A/I values and standard deviations (Fig. 9, Table 3).  
 
4.2.4. A logarithmic model for isoleucine epimerization 
For older and more racemized samples, we applied a logarithmic epimerization model 
(Wehmiller et al., 1988) that is inappropriate for samples with low A/I ratios but provides a realistic 
representation of the non-linear phase of racemization. The extent of AAR for a sample is expressed as  
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Figure 9. PDFs for the age of each aminozone calculated by incorporating the 1σ uncertainties in both the 
paleosol dating and amino acid epimerization models. The CRN-derived age PDF for the paleosol is 
shown by the dashed curve. The inset plot shows the PDF of the calculated EDT for molluscs in 
Aminozone 5. 
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how far it is from equilibrium, (XE – X) / XE, where XE = C and X = I / (A + I) for a sample and XE = A / (A 
+ I), which is 0.575 ± 0.022 for isoleucine. Following Wehmiller et al. (1988), the results of heating 
experiments at a particular temperature are plotted and fit with a regression of the form 
 
(XE – X) / X = a + b ln t   (4) 
 
where t is the length of the heating experiment in days, a is a temperature-dependent constant, and b is a 
temperature-insensitive constant for a given mollusc genus. Fig. 8A shows the results of all heating 
experiments for which (XE – X) / XE < 0.7, a cutoff that excludes samples for which a linear model better 
represents racemization kinetics. The calculated value of b is -0.181 ± 0.006. 
The constant a must be determined for samples of interest using a known EDT (Clarke and 
Murray-Wallace, 2006). Using the mean A/I of shells from the independently dated aminozone 5 and t = 
1.15 ± 0.2 Ma, we solved Eqn. 4 for a, yielding a value of 3.29 ± 0.95 (Fig. 8A; for t = 1.58 ± 0.24, a = 
3.35 ± 0.95). From this, we defined a logarithmic function for A/I ≥ 0.22 (corresponding to (XE – X) / XE < 
0.7). This function overlaps with the linear function defined above for the interval 0.22 ≤ A/I ≤ 0.25. 
Combining these two models of isoleucine racemization derived from a minimum age estimate for 
Aminozone 5, we generated a piecewise AAR calibration curve, the first calibration of AAR for Baffin 
Island. This curve is shown in Fig. 10A plotted using more intuitive axes and including ±1σ error bounds. 
The ages for Aminozones 6 and 7 calculated from the logarithmic function are 1.4 ± 0.8 and 2.2 ± 1.1, 
respectively (Table 3, Fig. 9), but from the stratigraphic position of these aminozones below the paleosol, 
we know that both must be older than the modeled minimum age of 1.15 ± 0.2 Ma for the paleosol. 
 
4.2.5. Sensitivity analysis 
 The uncertainties in empirically derived parameters related to AAR reaction kinetics and AAR 
calibration curves have rarely been rigorously addressed, but studies involving valuable examples of error 
analyses include McCoy (1987) and Kosnik et al. (2008). As described above, we used a Monte Carlo  
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Figure 10. Calibrating AAR for Hiatella arctica and Mya truncate on Baffin Island. (A) The relationship 
between the THAA A/I and minimum age based on a linear epimerization model (solid line) up to an A/I 
of 0.3 and a logarithmic epimerization model (dashed line) for more racemic samples. Horizontal bars 
show the mean A/I and minimum age range for each of the seven CFF aminozones, and the grey envelope 
indicates the 1σ uncertainty in the piecewise calibration curve. (B) Sensitivity analysis results show the 
relative magnitude of the total uncertainty originating from different possible error sources. The dramatic 
change in curve trajectories at ~1.7 Ma corresponds to the transition from linear to logarithmic models of 
epimerization kinetics. 
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error analysis approach that included the uncertainty in each parameter, ultimately resulting in probability 
distribution functions (PDFs) for the age of each aminozone (Fig. 9) and a conservative error envelope on 
the AAR calibration curve (Fig. 10A). The largest sources of uncertainty are the range of AAR in a 
particular aminozone, the uncertainties in the AAR and age of the independently dated sample, and the 
uncertainties in the Arrhenius parameters when A/ITHAA < 0.3 and parameter b from Eqn. 4 for higher A/I 
values. The relative influences of these uncertainties on the total uncertainty are shown graphically in Fig. 
10B.  
The range of A/I values in a particular aminozone has the largest influence on the total age 
uncertainty for low A/I values and decreases as these relative uncertainties decrease in more racemized 
samples. The range of A/I values in aminozones will vary from site to site, with some having tighter 
clustering than others (Wehmiller et al., 2010), so practitioners have little control over this uncertainty. 
All other errors increase with increasing sample age. The uncertainties in A/I and the age of the 
independently dated sample combine to account for a large proportion of the total error, ranging from 20-
30% for young samples to nearly 50% for older samples. 
As noted by McCoy (1987), relatively small uncertainties in the Arrhenius parameters, Ea and A, 
translate into large uncertainties in the AAR-derived ages due to their presence in the exponent term in 
Eqn. 3. Uncertainties in these two parameters account for 20-30% of the total uncertainty in samples <500 
ka and ~45% for samples approaching the point where the racemization reaction no longer follows 
reversible first-order kinetics (Fig. 10B).  Beyond that, the temperature-independent parameter, b, in the 
logarithmic function becomes the largest component of overall uncertainty. These parameters are all 
determined empirically from heating experiments, and reducing the uncertainties through additional 
experiments could substantially reduce the error bars on the resultant calibration curves. 
 
4.3. Revised Clyde Foreland Formation chronology 
 Using the PDFs for the age of each aminozone (Fig. 9), we propose the following revised CFF 
chronology; note again that these are minimum ages. We also place the existing stratigraphic 
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nomenclature (Miller, 1985; Nelson, 1981, 1982) and foraminifera biostratigraphy (Feyling-Hanssen, 
1976b, 1980, 1985) into this revised chronologic framework and briefly examine correlations with other 
Plio-Pleistocene sedimentary deposits in the Arctic. However, a comprehensive reassessment of the 
biostratigraphy and related paleoclimatic interpretations is beyond the scope of this paper. 
Aminozones 1 and 2 were deposited during the Middle (0.78-0.13 Ma) or Late Pleistocene (0.13-
0.01 Ma). If Aminozone 1 was deposited during the last glacial cycle, then Aminozone 2 sediments are 
most likely latest Middle Pleistocene in age.  These two aminozones include the Loks Land, Kogalu, and 
Kuvinilk members of the CFF (Miller et al., 1977; Miller, 1985). U-series dating of Hiatella valves by 
Szabo et al. (1981) suggested that the Kogalu member is at least 70 ka, and the Kuvinilk member is at 
least 136 ka; these are minimum age estimates due to the shells being affected by 231Pa and 230Th loss.  On 
Broughton Island, the Matsaja, Harbour, and Cape Broughton units described by Brigham (1983) fall into 
Aminozones 1 and 2, as do the Islandiella islandica subzone of the Islandiella microbiostratigraphic zone 
(Feyling-Hanssen, 1976) and microbiostratigraphic zones C through F on the Qivitu Peninsula (Feyling-
Hanssen, 1980). 
Aminozone 3 was deposited during the Middle Pleistocene or earlier based on the modeled age of 
0.40 ± 0.30 Ma and the overlying stratigraphy, which is consistent with the U-series minimum age of 190 
ka from Szabo et al. (1981). This aminozone corresponds to the Cape Christian member of the CFF 
(Miller et al., 1977; Miller, 1985) and the Cassidulina teretis subzone of the Islandiella 
microbiostratigraphic zone and glaciomarine drift 3, as described by Feyling-Hanssen (1976) also fall into 
this aminozone. These deposits also correlate with the Platform and Anigatalik units on Broughton Island 
(Brigham, 1983) and microbiostratigraphic zone G on Qivitu Peninsula (Feyling-Hanssen, 1980). 
Cassidulina teretis may have become extinct at ca. 0.7 Ma (Seidenkrantz, 1995), consistent with our age 
assignment for this aminozone. 
Aminozone 4 (0.75 ± 0.46 Ma), corresponding to the youngest pre-Cape Christian member 
(Miller, 1985), has a minimum age of Middle or latest Early Pleistocene (2.6-0.78 Ma). Included in this 
aminozone is the rotundatus-orbiculare microbiostratigraphic zone and glaciomarine drift 4 (Feyling-
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Hanssen, 1976). The oldest coastal glaciomarine sediments on Broughton Island, the Tuneek unit 
(Brigham, 1983) and microbiostratigraphic zone H on Qivitu Peninsula (Feyling-Hanssen, 1980) are 
correlative deposits. 
Aminozone 5, which includes the deposits that buried the paleosol, has an Early Pleistocene 
minimum age of 1.15 ± 0.2 Ma based on the CRN-derived paleosol burial age. This aminozone includes 
glaciomarine drift 5, the oldest sediments of the rotundatus-orbiculare zone (Feyling-Hanssen, 1980). 
The minimum ages of Aminozones 6 and 7 have large uncertainties, but each unit must be older 
than 1.15 ± 0.2 Ma, placing their deposition in the Early Pleistocene. Based on the modeled ages alone, 
however, we cannot rule out deposition during the Late Pliocene. Aminozones 6 and 7 contain 
glaciomarine sediment; the earliest evidence of extensive ice-rafting in central Baffin Bay is at ca. 3.4 Ma 
(Thiébault et al., 1989). Consequently, Aminozone 7 is no older than 3.4 Ma. Aminozone 7, only exposed 
on the Qivitu Peninsula, is within the Nonion tallahattensis zone/microbiostratigraphic zone I (Feyling-
Hanssen, 1976, 1980). Observations of limestone clasts in glaciomarine deposits within Aminozone 6 on 
Clyde Foreland provide the earliest evidence of Laurentide ice eroding material from Foxe Basin and 
carrying it across Baffin Island to calving margins in Baffin Bay. 
The rotundatus-orbiculare zone, comprising parts of Aminozones 4 and 5, is characterized by the 
presence of the foraminifer Cibicides grossus Ten Dam and Reinhold (formerly C. rotundatus), a species 
routinely assumed to have become extinct in the Arctic in the latest Pliocene or earliest Pleistocene (2.3-
2.5 Ma; Seidenkrantz, 1992; Funder et al., 2001; Bennike et al., 2002, 2010), although there is evidence 
that this species persisted until ~1.8 Ma (Anthonissen, 2008; Eidvin et al., 1999; King, 1989) However, 
several studies from the Canadian and Russian Arctic have encountered conflicting ages for the last 
appearance of C. grossus. Independently derived ages for sediments bearing C. grossus are potentially 
latest Early Pleistocene (McNeil et al., 2001; Möller et al., 2008; Osterman, 1996).  
If we assume that the extinction of C. grossus occurred at 1.8 Ma and during deposition of 
Aminozone 4 sediments in the CFF, then, based in linear AAR kinetics, paleosol burial by Aminozone 5 
deposits must have occurred at approximately 2.8 Ma. If this is the case, then the glaciomarine sediments 
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within Aminozones 6 and 7 are clearly late Pliocene in age, predating any known major glaciations in the 
North Atlantic region aside from on Greenland. Additionally, the pollen and spore assemblage of the 
Aminozone 6 paleosol (section 4.4) reflects soil formation during a cold climate, contrasting strongly 
with the evidence for a High Arctic climate much warmer than modern during the latest Pliocene 
(Bennike et al., 2002; Cronin et al., 1993; Funder et al., 2001). Uncertainties with circum-Arctic 
correlations using C. grossus preclude correlation between members of the CFF and any Arctic Plio-
Pleistocene sedimentary deposits. It is also important to note that many of these other deposits formed 
during periods of eustatic sea level highstands (Bennike et al., 2002, 2010; Funder et al., 2001; Fyles et 
al., 1991), whereas CFF sediments were controlled by the isostatic influence of the LIS.  
 
4.4. Implications of palynomorph assemblage 
The high concentration of palynomorphs in the paleosol strongly suggests prolonged interglacial 
exposure at the landscape surface, but the species assemblage represented by these palynomorphs, is 
considerably different than any previously described from sedimentary deposits on Baffin Island. The 
Cape Christian soil, formed within in Aminozone 3, has an Ericaceae:Betula ratio soil of approximately 4 
(Miller et al., 1977) compared to 46 in the Aminozone 6 paleosol. The predominance of Betula and 
Poaceae (formerly Gramineae) pollen in the Cape Christian soil and Ericaceae spores in the Aminozone 6 
paleosol suggests that the climate was considerably warmer and drier during Cape Christian soil 
formation than when the Aminozone 6 paleosol formed. Palynomorph assemblages on southern Baffin 
Island from the last interglaciation are dominated by shrub tundra vegetation, particularly Betula and 
Alnus, and are indicative of climatic conditions 4 to 5 °C warmer than modern (Fréchette et al., 2006) and 
similar to that of the Cape Christian interglaciation (Miller et al., 1977). Late Holocene pollen rain on the 
Clyde Foreland has been dominated by Poaceae and Ericaceae, and the Eicaceae:Betula ratio is 24 
(Fréchette et al., 2010), reflecting warmer conditions than during the formation of the Aminozone 6 
paleosol, but cooler than during Cape Christian soil formation. 
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The presence of the Cicatricosisporite spores, a taxon last known to inhabit the Canadian High 
Arctic during the Tertiary, can be attributed to sediment recycling.  Tertiary sedimentary rock is not 
present on the interior of central Baffin Island or within tills on the landscape surface (Dredge, 2004; St-
Onge et al., 2007; Utting et al., 2008). However, Tertiary sedimentary rocks are preserved within grabens 
along the east coast of Baffin Island formed during early Tertiary rifting when the island split from 
Greenland, and some of these deposits include Cicatricosisporite spores (Burden and Langille, 1991). 
Troughs carved into the continental shelf by outlet glaciers have eroded these Tertiary deposits 
immediately north of the Clyde Foreland (MacLean and Falconer, 1979; MacLean, 1985) and near the 
Qivitu Peninsula (Gilbert, 1982), providing potential sources for Tertiary pollen in CFF marine 
sediments. As discussed in section 4.2.1, mollusc AAR data provide evidence for the reworking of older 
Plio-Pleistocene CFF glaciomarine deposits. We interpret the Cicatricosisporite spores to suggest that 
glacial erosion of the Baffin Island shelf also resulted in the reworking of Tertiary sediments derived from 
the largest troughs. 
 
5. CONCLUSIONS 
 After nearly half a century of scientific interest in the sedimentary deposits of the CFF, we 
combined CRN and AAR techniques to construct the first absolute chronologic framework for the 
formation. Applying CRN burial dating to a paleosol, we present a minimum age for the paleosol burial of 
1.15 ± 0.20 Ma. After compiling and adding to the existing isoleucine AAR data from the CFF, we 
redefined seven aminozones, and using a piecewise linear-logarithmic model for isoleucine epimerization 
in Hiatella arctica and Mya truncata, we established minimum age estimates for each aminozone using 
the first site-specific AAR calibration curve for the Canadian Arctic. The paleosol formed in Aminozone 
6 and the timing of burial corresponds to the deposition of Aminozone 5 sediments. The oldest units, 
deposited prior to paleosol formation, record early advances of Laurentide ice across Baffin Island during 
the Early Pleistocene or the close of the Pliocene. The youngest units in the CFF were most likely 
deposited during glaciations in the Mid- to Late-Pleistocene. A complete propagation of all associated 
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uncertainties yielded substantial age uncertainties for all aminozones and emphasizes the importance of 
rigorous error analyses. To help guide future studies of this nature, we also performed a sensitivity 
analysis of the calibrated aminozone age errors to identify the parameters contributing most to the total 
uncertainty. 
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8. CHAPTER 5 SUPPLEMENTAL MATERIAL
TABLE DR1. NEW CLYDE FORELAND FORMATION AMINO ACID RACEMIZATION DATA
Sample ID1 AAL Number Latitude Longitude Height (m a.s.l.) A/I Total2 A/I Free2
KAR07-1-2 12043 70.68647 -68.91735 3.5 1.35 0.16
KAR07-1-2 12043 70.68647 -68.91735 3.5 0.97 0.27
KAR07-1-2 12043 70.68647 -68.91735 3.5 1.40 0.28
KAR07-1-2 12043 70.68647 -68.91735 3.5 1.40 0.18
KAR07-1-2 12043 70.68647 -68.91735 3.5 1.20 0.26
KAR07-1-F2 12049 70.68647 -68.91735 13.5 0.93 0.23
KAR07-1-F2 12049 70.68647 -68.91735 13.5 0.86 0.17
KAR07-1-F2 12049 70.68647 -68.91735 13.5 0.97 0.14
KAR07-1-F2 12049 70.68647 -68.91735 13.5 0.82 0.21
KAR07-1-F2 12049 70.68647 -68.91735 13.5 0.12
KAR07-1-F3 12050 70.68647 -68.91735 10.2 0.19
KAR07-1-F3 12050 70.68647 -68.91735 10.2 0.11
KAR07-10-1 12395 70.60936 -68.49050 3.0 0.32
KAR07-10-1 12395 70.60936 -68.49050 3.0 0.64
KAR07-10-1 12395 70.60936 -68.49050 3.0 0.28
KAR07-10-1 12395 70.60936 -68.49050 3.0 0.24
KAR07-10-1 12395 70.60936 -68.49050 3.0 0.57
KAR07-10-F1 12061 70.60936 -68.49050 16.0 0.09
KAR07-10-F1 12061 70.60936 -68.49050 16.0 0.07
KAR07-10-F1 12061 70.60936 -68.49050 16.0 0.07
KAR07-10-F1 12061 70.60936 -68.49050 16.0 0.09
KAR07-10-F2 12056 70.60936 -68.49050 9.0 0.37 0.09
KAR07-10-F2 12056 70.60936 -68.49050 9.0 0.34 0.08
KAR07-10-F2 12056 70.60936 -68.49050 9.0 0.27 0.06
KAR07-10-F2 12056 70.60936 -68.49050 9.0 0.08
KAR07-10-F2 12056 70.60936 -68.49050 9.0 0.56 0.05
KAR07-10-F3 12047 70.60936 -68.49050 6.0 1.00 0.18
KAR07-10-F3 12047 70.60936 -68.49050 6.0 0.24 0.05
KAR07-10-F3 12047 70.60936 -68.49050 6.0 0.31 0.06
KAR07-10-F3 12047 70.60936 -68.49050 6.0 0.60 0.04
KAR07-11-F1 12058 70.67625 -68.87686 4.5 1.00 0.30
KAR07-11-F2 12057 70.67625 -68.87686 27.7 0.06
KAR07-11-F2 12057 70.67625 -68.87686 27.7 0.06
KAR07-11-F2 12057 70.67625 -68.87686 27.7 0.06
KAR07-11-F2 12057 70.67625 -68.87686 27.7 0.09
KAR07-11-F2 12057 70.67625 -68.87686 27.7 0.06
KAR07-2-F0 12059 70.65880 -68.78753 3.3 0.76 0.18
KAR07-2-F0 12059 70.65880 -68.78753 3.3 0.19
KAR07-2-F0 12059 70.65880 -68.78753 3.3 0.76 0.17
KAR07-2-F0 12059 70.65880 -68.78753 3.3 0.18
KAR07-2-F0 12059 70.65880 -68.78753 3.3 0.19
KAR07-2-F2 12393 70.65880 -68.78753 18.6 0.83 0.22
KAR07-2-F2 12393 70.65880 -68.78753 18.6 0.81 0.17
KAR07-2-F2 12393 70.65880 -68.78753 18.6 0.69 0.13
KAR07-2-F2 12393 70.65880 -68.78753 18.6 0.84 0.18
KAR07-2-F2 12393 70.65880 -68.78753 18.6 0.88 0.18
KAR07-2-F3 12062 70.65880 -68.78753 20.2 0.92 0.24
KAR07-2-F3 12062 70.65880 -68.78753 20.2 0.86 0.24
KAR07-2-F3 12062 70.65880 -68.78753 20.2 0.87 0.23
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KAR07-2-F3 12062 70.65880 -68.78753 20.2 0.94 0.27
KAR07-2-F3 12062 70.65880 -68.78753 20.2 0.90 0.30
KAR07-2-F4 12391 70.65880 -68.78753 22.9 0.35
KAR07-2-F4 12391 70.65880 -68.78753 22.9 0.96 0.21
KAR07-2-F5 12055 70.65880 -68.78753 4.3 0.34
KAR07-2-F5 12055 70.65880 -68.78753 4.3 0.28
KAR07-2-F5 12055 70.65880 -68.78753 4.3 0.15
KAR07-2-F6 12060 70.65880 -68.78753 12.0 0.95 0.22
KAR07-2-F6 12060 70.65880 -68.78753 12.0 1.00 0.21
KAR07-2-F6 12060 70.65880 -68.78753 12.0 0.91 0.22
KAR07-2-F6 12060 70.65880 -68.78753 12.0 0.27
KAR07-2-F6 12060 70.65880 -68.78753 12.0 0.27
KAR07-2-F7 12392 70.65880 -68.78753 2.5 0.66 0.14
KAR07-2-F7 12392 70.65880 -68.78753 2.5 0.46 0.14
KAR07-2-F7 12392 70.65880 -68.78753 2.5 0.08
KAR07-3-F1 12063 70.69851 -68.97704 9.8 0.82 0.16
KAR07-3-F1 12063 70.69851 -68.97704 9.8 0.85 0.12
KAR07-3-F1 12063 70.69851 -68.97704 9.8 0.82 0.31
KAR07-3-F1 12063 70.69851 -68.97704 9.8 0.24
KAR07-6-F1 13401 70.63001 -68.63675 13.0 1.12 0.19
KAR07-6-F1 13401 70.63001 -68.63675 13.0 0.93 0.17
KAR07-6-F1 13401 70.63001 -68.63675 13.0 1.11 0.19
KAR07-6-F1 13401 70.63001 -68.63675 13.0 1.13 0.23
KAR07-6-F1 13401 70.63001 -68.63675 13.0 1.08 0.20
KAR07-7-F1 12065 70.60175 -68.44939 18.0 0.35 0.04
KAR07-7-F1 12065 70.60175 -68.44939 18.0 0.35 0.04
KAR07-7-F1 12065 70.60175 -68.44939 18.0 0.24 0.07
KAR07-7-F1 12065 70.60175 -68.44939 18.0 0.23 0.02
KAR07-7-F2 12046/12397 70.60175 -68.44939 17.0 0.39 0.05
KAR07-7-F2 12046/12398 70.60175 -68.44939 17.0 0.35 0.06
KAR07-7-F2 12046/12399 70.60175 -68.44939 17.0 0.49 0.05
KAR07-7-F2 12046 70.60175 -68.44939 17.0 0.05
KAR07-7-F2 12046 70.60175 -68.44939 17.0 0.04
KAR07-7-F3 12054/12400 70.60175 -68.44939 8.5 0.70 0.13
KAR07-7-F3 12054/12400 70.60175 -68.44939 8.5 0.69 0.13
KAR07-7-F3 12054/12400 70.60175 -68.44939 8.5 0.62 0.09
KAR07-7-F3 12054/12400 70.60175 -68.44939 8.5 0.71 0.12
KAR07-7-F3 12054 70.60175 -68.44939 8.5 0.33
KAR07-7-F4 12045/12398 70.60175 -68.44939 8.3 0.70 0.12
KAR07-7-F4 12045/12398 70.60175 -68.44939 8.3 0.64 0.10
KAR07-7-F4 12045/12398 70.60175 -68.44939 8.3 0.63 0.09
KAR07-7-F4 12045/12398 70.60175 -68.44939 8.3 0.65 0.12
KAR07-7-F5 12044/12396 70.60175 -68.44939 4.9 0.60 0.17
KAR07-7-F5 12044/12396 70.60175 -68.44939 4.9 0.68 0.14
KAR07-7-F5 12044/12396 70.60175 -68.44939 4.9 0.57 0.16
KAR07-7-F5 12044/12396 70.60175 -68.44939 4.9 0.64 0.17
KAR07-7-F5 12044/12396 70.60175 -68.44939 4.9 0.60 0.09
KAR07-7-F6 12053 70.60175 -68.44939 8.0 0.65 0.14
KAR07-7-F6 12053 70.60175 -68.44939 8.0 0.58 0.14
KAR07-7-F6 12053 70.60175 -68.44939 8.0 0.52 0.13
KAR07-7-F6 12053 70.60175 -68.44939 8.0 0.61 0.14
KAR07-7-F6 12053 70.60175 -68.44939 8.0 0.63 0.12
KAR07-7-F7 12066/12404 70.60175 -68.44939 15.0 0.89 0.17
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KAR07-7-F7 12066/12404 70.60175 -68.44939 15.0 0.92 0.21
KAR07-7-F7 12066/12404 70.60175 -68.44939 15.0 1.02 0.17
KAR07-7-F7 12066/12404 70.60175 -68.44939 15.0 0.84 0.14
KAR07-7-F7 12404 70.60175 -68.44939 15.0 0.84
KAR07-8-F1 12052/12410 70.61463 -68.53553 20.3 0.49 0.12
KAR07-8-F1 12052/12410 70.61463 -68.53553 20.3 0.75 0.09
KAR07-8-F1 12052 70.61463 -68.53553 20.3 0.07
KAR07-8-F1 12052/12410 70.61463 -68.53553 20.3 0.60 0.10
KAR07-8-F1 12052/12410 70.61463 -68.53553 20.3 0.56 0.11
KAR07-8-F3 12064/12414 70.61463 -68.53553 23.5 0.60 0.07
KAR07-8-F3 12064/12414 70.61463 -68.53553 23.5 0.51 0.07
KAR07-8-F3 12064/12414 70.61463 -68.53553 23.5 0.56 0.10
KAR07-8-F3 12064/12414 70.61463 -68.53553 23.5 0.61 0.07
KAR07-8-F3 12064/12414 70.61463 -68.53553 23.5 0.59 0.09
KAR07-8-F4 12051 70.61463 -68.53553 24.5 0.76 0.12
KAR07-8-F4 12051 70.61463 -68.53553 24.5 0.65 0.24
KAR07-8-F4 12051 70.61463 -68.53553 24.5 0.64 0.10
KAR07-8-F4 12051 70.61463 -68.53553 24.5 0.50 0.11
KAR07-8-F4 12051 70.61463 -68.53553 24.5 0.73 0.09
KAR08-1-F4 12530 70.68647 -68.91735 32.0 0.32 0.04
KAR08-1-F4 12530 70.68647 -68.91735 32.0 0.28 0.04
KAR08-1-F4 12530 70.68647 -68.91735 32.0 0.33 0.05
KAR08-1-F4 12530 70.68647 -68.91735 32.0 0.16 0.06
KAR08-11-F3 13044 70.67625 -68.87686 8.5 0.93 0.25
KAR08-11-F3 13044 70.67625 -68.87686 8.5 0.98 0.29
KAR08-11-F3 13044 70.67625 -68.87686 8.5 0.89 0.26
KAR08-11-F3 13044 70.67625 -68.87686 8.5 0.91 0.18
KAR08-11-F3 13044 70.67625 -68.87686 8.5 0.80 0.24
KAR08-11-F4 12543 70.67625 -68.87686 2.5 0.96 0.21
KAR08-11-F4 12543 70.67625 -68.87686 2.5 0.98 0.20
KAR08-11-F4 12543 70.67625 -68.87686 2.5 1.01 0.25
KAR08-11-F4 12543 70.67625 -68.87686 2.5 1.00 0.22
KAR08-11-F4 12543 70.67625 -68.87686 2.5 0.97 0.33
KAR08-12-F3 12549 70.69672 -68.95799 8.0 0.81 0.21
KAR08-12-F3 12549 70.69672 -68.95799 8.0 0.68 0.21
KAR08-12-F3 12549 70.69672 -68.95799 8.0 0.87 0.24
KAR08-12-F3 12549 70.69672 -68.95799 8.0 0.76 0.26
KAR08-12-F3 12549 70.69672 -68.95799 8.0 0.89 0.23
KAR08-13-F1 12539 70.69769 -68.96566 23.0 0.80 0.18
KAR08-13-F1 12539 70.69769 -68.96566 23.0 0.83 0.17
KAR08-13-F1 12539 70.69769 -68.96566 23.0 0.56 0.16
KAR08-13-F1 12539 70.69769 -68.96566 23.0 0.83 0.17
KAR08-13-F1 12539 70.69769 -68.96566 23.0 0.89 0.24
KAR08-13-F4 12535 70.69769 -68.96566 5.0 0.98 0.19
KAR08-13-F4 12535 70.69769 -68.96566 5.0 0.73 0.29
KAR08-13-F4 12535 70.69769 -68.96566 5.0 0.99 0.27
KAR08-13-F4 12535 70.69769 -68.96566 5.0 1.00 0.34
KAR08-13-F4 12535 70.69769 -68.96566 5.0 0.85 0.27
KAR08-13-F5 12537 70.69769 -68.96566 8.0 1.07 0.29
KAR08-13-F5 12537 70.69769 -68.96566 8.0 0.90 0.30
KAR08-13-F5 12537 70.69769 -68.96566 8.0 0.81 0.26
KAR08-13-F5 12537 70.69769 -68.96566 8.0 0.90 0.22
KAR08-16-F2 12532 70.69492 -68.95024 5.6 0.86 0.21
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KAR08-16-F2 12532 70.69492 -68.95024 5.6 0.85 0.19
KAR08-16-F2 12532 70.69492 -68.95024 5.6 1.11 0.29
KAR08-17-F1 12529 70.70622 -69.01516 23.0 0.44 0.04
KAR08-17-F1 12529 70.70622 -69.01516 23.0 0.56 0.04
KAR08-17-F1 12529 70.70622 -69.01516 23.0 0.28 0.08
KAR08-17-F1 12529 70.70622 -69.01516 23.0 0.41 0.03
KAR08-17-F3 12531 70.70622 -69.01516 9.0 0.76 0.19
KAR08-17-F3 12531 70.70622 -69.01516 9.0 0.80 0.14
KAR08-17-F3 12531 70.70622 -69.01516 9.0 0.77 0.11
KAR08-17-F3 12531 70.70622 -69.01516 9.0 0.73 0.11
KAR08-17-F3 12531 70.70622 -69.01516 9.0 0.73 0.09
KAR08-19-F1 12538 70.70622 -69.01516 9.0 0.88 0.22
KAR08-19-F1 12538 70.67458 -68.86785 7.5 0.71 0.21
KAR08-19-F1 12538 70.67458 -68.86785 7.5 0.73 0.14
KAR08-19-F1 12538 70.67458 -68.86785 7.5 0.89 0.23
KAR08-22-F1 12548 70.66624 -68.81995 28.0 0.16 0.05
KAR08-22-F1 12548 70.66624 -68.81995 28.0 0.42 0.05
KAR08-22-F1 12548 70.66624 -68.81995 28.0 0.50 0.06
KAR08-22-F1 12548 70.66624 -68.81995 28.0 0.50 0.06
KAR08-23-F1 12546 70.66624 -68.81995 4.0 0.91 0.24
KAR08-23-F1 12546 70.66624 -68.81995 4.0 0.65 0.23
KAR08-23-F1 12546 70.66624 -68.81995 4.0 0.81 0.21
KAR08-23-F1 12546 70.66624 -68.81995 4.0 0.91 0.25
KAR08-23-F1 12546 70.66624 -68.81995 4.0 0.91 0.21
KAR08-26-F1 12545 70.61078 -68.49950 9.0 0.34 0.06
KAR08-26-F1 12545 70.61078 -68.49950 9.0 0.39 0.05
KAR08-26-F1 12545 70.61078 -68.49950 9.0 0.36 0.06
KAR08-26-F1 12545 70.61078 -68.49950 9.0 0.41 0.04
KAR08-26-F1 12545 70.61078 -68.49950 9.0 0.33 0.06
KAR08-28-F1 12541 70.61541 -68.53826 24.0 0.54 0.07
KAR08-28-F1 12541 70.61541 -68.53826 24.0 0.61 0.10
KAR08-28-F1 12541 70.61541 -68.53826 24.0 0.28 0.09
KAR08-28-F1 12541 70.61541 -68.53826 24.0 0.67 0.08
KAR08-30-F3 12542 70.61661 -68.46899 7.5 0.91 0.19
KAR08-31-F1 12547 70.60455 -68.46143 14.0 0.73 0.15
KAR08-31-F1 12547 70.60455 -68.46143 14.0 0.67 0.14
KAR08-31-F1 12547 70.60455 -68.46143 14.0 0.64 0.11
KAR08-31-F1 12547 70.60455 -68.46143 14.0 0.67 0.10
KAR08-32-F1 13402 70.60213 -68.45022 13.0 0.96 0.17
KAR08-32-F1 13402 70.60213 -68.45022 13.0 1.00 0.19
KAR08-32-F1 13402 70.60213 -68.45022 13.0 0.99 0.16
KAR08-32-F1 13402 70.60213 -68.45022 13.0 1.01
KAR08-32-F1 13402 70.60213 -68.45022 13.0 1.05 0.17
KAR08-34-F1 12550 70.59970 -68.43941 12.0 0.93 0.19
KAR08-34-F1 12550 70.59970 -68.43941 12.0 0.86 0.20
KAR08-34-F1 12550 70.59970 -68.43941 12.0 0.72 0.19
KAR08-34-F1 12550 70.59970 -68.43941 12.0 0.81 0.17
KAR08-34-F1 12550 70.59970 -68.43941 12.0 0.89 0.24
KAR08-36-F2 12536 70.59730 -68.42694 9.5 0.87 0.16
KAR08-36-F2 12536 70.59730 -68.42694 9.5 0.93 0.19
KAR08-36-F2 12536 70.59730 -68.42694 9.5 0.76 0.15
KAR08-36-F2 12536 70.59730 -68.42694 9.5 0.76 0.15
KAR08-40-F1 13403 70.62737 -68.62302 23.0 1.02 0.22
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KAR08-40-F1 13403 70.62737 -68.62302 23.0 0.95 0.28
KAR08-40-F1 13403 70.62737 -68.62302 23.0 0.99 0.28
KAR08-40-F1 13403 70.62737 -68.62302 23.0 1.07 0.25
KAR08-41-F1 12551 70.62766 -68.62696 25.0 1.11 0.26
KAR08-41-F1 12551 70.62766 -68.62696 25.0 0.99 0.20
KAR08-41-F1 12551 70.62766 -68.62696 25.0 0.78 0.22
KAR08-41-F1 12551 70.62766 -68.62696 25.0 0.96 0.19
KAR08-41-F1 12551 70.62766 -68.62696 25.0 1.07 0.23
KAR08-43-F1 12534 70.62365 -68.60507 29.0 0.88 0.18
KAR08-43-F1 12534 70.62365 -68.60507 29.0 1.01 0.15
KAR08-43-F1 12534 70.62365 -68.60507 29.0 0.93 0.14
KAR08-43-F1 12534 70.62365 -68.60507 29.0 1.01 0.17
KAR08-44-F1 12540 70.57783 -68.35495 5.5 0.58 0.05
KAR08-44-F1 12540 70.57783 -68.35495 5.5 0.14 0.04
KAR08-44-F1 12540 70.57783 -68.35495 5.5 0.22 0.05
KAR08-44-F1 12540 70.57783 -68.35495 5.5 0.39 0.04
KAR08-5-F1 12544 70.70988 -69.03349 17.0 0.35 0.06
KAR08-5-F1 12544 70.70988 -69.03349 17.0 0.30 0.06
KAR08-5-F1 12544 70.70988 -69.03349 17.0 0.13 0.05
KAR09-10-F1 13390 68.03626 -65.09947 16.5 1.18 0.47
KAR09-10-F1 13390 68.03626 -65.09947 16.5 1.20 0.48
KAR09-10-F1 13390 68.03626 -65.09947 16.5 1.19 0.44
KAR09-10-F1 13390 68.03626 -65.09947 16.5 1.22 0.45
KAR09-10-F1 13390 68.03626 -65.09947 16.5 1.21
KAR09-10-F2 13391 68.03626 -65.09947 14.5 1.21 0.36
KAR09-10-F2 13391 68.03626 -65.09947 14.5 1.21 0.35
KAR09-10-F2 13391 68.03626 -65.09947 14.5 1.25 0.35
KAR09-10-F2 13391 68.03626 -65.09947 14.5 0.35
KAR09-11-F1 13392 68.04065 -65.09298 17.0 1.19 0.44
KAR09-11-F1 13392 68.04065 -65.09298 17.0 1.19 0.38
KAR09-11-F1 13392 68.04065 -65.09298 17.0 1.19 0.45
KAR09-11-F1 13392 68.04065 -65.09298 17.0 1.26 0.41
KAR09-11-F1 13392 68.04065 -65.09298 17.0 1.21 0.37
KAR09-12-F1 13393 68.04341 -65.06547 5.0 1.17 0.25
KAR09-12-F1 13393 68.04341 -65.06547 5.0 1.17 0.25
KAR09-12-F1 13393 68.04341 -65.06547 5.0 1.25 0.31
KAR09-12-F1 13393 68.04341 -65.06547 5.0 1.05 0.26
KAR09-12-F1 13394 68.04341 -65.06547 5.0 1.12
KAR09-12-F1 13394 68.04341 -65.06547 5.0 1.11 0.29
KAR09-12-F1 13394 68.04341 -65.06547 5.0 1.14 0.26
KAR09-12-F1 13394 68.04341 -65.06547 5.0 0.98 0.29
KAR09-15-F1 13395 68.04177 -64.95083 7.0 0.86 0.11
KAR09-15-F1 13395 68.04177 -64.95083 7.0 0.87 0.14
KAR09-15-F1 13395 68.04177 -64.95083 7.0 0.75 0.11
KAR09-15-F1 13395 68.04177 -64.95083 7.0 0.82 0.11
KAR09-22-F1 13397 67.97007 -64.73481 3.8 0.56
KAR09-22-F1 13397 67.97007 -64.73481 3.8 0.54 0.07
KAR09-22-F1 13397 67.97007 -64.73481 3.8 0.52 0.07
KAR09-22-F1 13397 67.97007 -64.73481 3.8 0.57 0.07
KAR09-22-F1 13397 67.97007 -64.73481 3.8 0.55 0.08
KAR09-3-F1 13389 68.04181 -65.08947 19.0 1.12 0.35
KAR09-3-F1 13389 68.04181 -65.08947 19.0 1.14 0.33
KAR09-3-F1 13389 68.04181 -65.08947 19.0 1.15 0.34
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KAR09-3-F1 13389 68.04181 -65.08947 19.0 1.15 0.28
KAR09-3-F1 13389 68.04181 -65.08947 19.0 1.18 0.40
KAR10-29-F1 13520 68.04272 -65.08500 6.3 1.19 0.44
KAR10-29-F1 13520 68.04272 -65.08500 6.3 1.24 0.43
KAR10-29-F1 13520 68.04272 -65.08500 6.3 1.16 0.44
KAR10-29-F1 13520 68.04272 -65.08500 6.3 1.20 0.41
KAR10-29-F1 13520 68.04272 -65.08500 6.3 1.24 0.41
KAR10-30-F1 13521 68.04366 -65.07806 3.7 1.21 0.37
KAR10-30-F1 13521 68.04366 -65.07806 3.7 1.21 0.34
KAR10-30-F1 13521 68.04366 -65.07806 3.7 1.18 0.46
KAR10-30-F1 13521 68.04366 -65.07806 3.7 1.15 0.39
KAR10-37-F2 13522 68.04680 -65.03003 2.5 1.22 0.32
KAR10-37-F2 13522 68.04680 -65.03003 2.5 1.19 0.34
KAR10-37-F2 13522 68.04680 -65.03003 2.5 1.22 0.24
KAR10-37-F2 13522 68.04680 -65.03003 2.5 1.25 0.38
KAR10-37-F2 13522 68.04680 -65.03003 2.5 1.20 0.23
KAR10-41-4 13523 68.04608 -64.99157 4.5 1.03 0.25
KAR10-41-4 13523 68.04608 -64.99157 4.5 1.01 0.24
KAR10-41-4 13523 68.04608 -64.99157 4.5 1.08 0.29
KAR10-41-4 13523 68.04608 -64.99157 4.5 1.02 0.23
KAR10-41-4 13523 68.04608 -64.99157 4.5 1.05 0.24
1 ID format is in order of the collector's initials followed by the 2-digit year, the section number,
   and the sample number. 2007-08 collections were from the Clyde Foreland, and 2009-10
   samples were from the Qivitu Peninsula. All samples collected were Hiatella arctica.
2 Itallicized values indicate that valine D/L measurements converted to A/I equivalent values
   using the equations in Fig. 4A.
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TABLE DR2. AAR HEATING EXPERIMENT RESULTS AND CALIBRATION DATA COMPILATION1
AAL Number Taxa Temperature (°C) Time (days) A/I Total2 1σ (XE-X) / XE 1σ k1 log(k1)
1404-A Mya truncata 160 0.021 0.023 0.004 0.962 0.023 208.76 2.32
1404-A Mya truncata 160 0.021 0.024 0.004 0.961 0.025 220.19 2.34
1404-A Mya truncata 160 0.021 0.024 0.004 0.961 0.025 220.19 2.34
1404-B Mya truncata 160 0.042 0.026 0.005 0.956 0.025 132.94 2.12
1404-B Mya truncata 160 0.042 0.028 0.005 0.954 0.025 144.36 2.16
1404-B Mya truncata 160 0.042 0.030 0.005 0.950 0.024 167.19 2.22
1404-C Mya truncata 160 0.083 0.032 0.005 0.947 0.023 91.20 1.96
1404-C Mya truncata 160 0.083 0.046 0.008 0.924 0.024 151.98 2.18
1404-D Mya truncata 160 0.167 0.066 0.024 0.894 0.048 118.61 2.07
1404-C Mya truncata 160 0.083 0.080 0.017 0.872 0.027 299.59 2.48
1404-D Mya truncata 160 0.167 0.084 0.015 0.866 0.022 158.29 2.20
1404-D Mya truncata 160 0.167 0.109 0.054 0.830 0.062 212.03 2.33
1404-E Mya truncata 160 0.333 0.255 0.042 0.646 0.016 264.41 2.42
1404-E Mya truncata 160 0.333 0.262 0.046 0.639 0.016 271.53 2.43
1404-E Mya truncata 160 0.333 0.262 0.046 0.639 0.016 271.53 2.43
1404-F Mya truncata 160 0.5 0.367 0.064 0.533 0.014 257.93 2.41
1404-F Mya truncata 160 0.5 0.367 0.064 0.533 0.014 257.93 2.41
1084-F Mya truncata 160 1 0.445 0.120 0.465 0.019 158.38 2.20
1084-B Mya truncata 160 1 0.464 0.115 0.449 0.016 165.91 2.22
1404-F Mya truncata 160 0.5 0.465 0.075 0.448 0.011 332.56 2.52
1084-D Mya truncata 160 1 0.491 0.133 0.427 0.017 176.59 2.25
1404-G Mya truncata 160 0.667 0.511 0.089 0.412 0.011 276.47 2.44
1084-E Mya truncata 160 1 0.515 0.151 0.409 0.018 185.87 2.27
1404-G Mya truncata 160 0.537 0.094 0.392 0.010 292.26 2.47
1084-C Mya truncata 160 0.667 0.577 0.169 0.363 0.016 211.32 2.32
1084-A Mya truncata 160 1 0.644 0.204 0.319 0.015 239.70 2.38
1404-I Mya truncata 160 1 0.891 0.155 0.180 0.005 219.86 2.34
1404-I Mya truncata 160 1.667 0.943 0.164 0.155 0.004 240.26 2.38
1404-I Mya truncata 160 1.667 0.996 0.160 0.132 0.003 263.30 2.42
4683-B Mya truncata 160 1.667 1.146 0.006 0.071 0.000 148.83 2.17
4684-B Mya truncata 160 4 1.172 0.023 0.061 0.000 79.54 1.90
1403-D Hiatella arctica 160 8 0.284 0.044 0.616 0.014 589.93 2.77
1403-E Hiatella arctica 160 0.167 0.513 0.083 0.410 0.010 555.45 2.74
1403-I Hiatella arctica 160 0.333 1.202 0.187 0.050 0.001 416.27 2.62
4677-B Mya truncata 144 1.667 0.191 0.001 0.721 0.001 65.01 1.81
4678-B Mya truncata 144 1 0.520 0.005 0.405 0.001 94.04 1.97
4679-B Mya truncata 144 2 0.530 0.004 0.397 0.000 64.03 1.81
4680-B Mya truncata 144 3 0.515 0.009 0.409 0.001 46.46 1.67
4681-B Mya truncata 144 4 0.764 0.009 0.246 0.000 59.25 1.77
4682-B Mya truncata 144 5 0.783 0.020 0.236 0.001 38.24 1.58
1084-A Mya truncata 140 8 0.110 0.000 0.829 0.001 42.87 1.63
1084-B Mya truncata 140 0.833 0.062 0.009 0.899 0.019 22.30 1.35
1084-C Mya truncata 140 0.833 0.104 0.015 0.837 0.018 40.24 1.60
1084-D Mya truncata 140 0.833 0.065 0.001 0.895 0.003 23.36 1.37
1084-E Mya truncata 140 0.833 0.064 0.009 0.896 0.019 23.09 1.36
3548-1 Mya truncata 130 0.833 0.049 0.004 0.919 0.012 13.88 1.14
3548-1 Mya truncata 130 1 0.072 0.023 0.884 0.041 22.11 1.34
3548-1 Mya truncata 130 1 0.063 0.020 0.898 0.042 18.87 1.28
3548-2 Mya truncata 130 1 0.074 0.017 0.880 0.029 11.48 1.06
3548-2 Mya truncata 130 2 0.086 0.031 0.863 0.046 13.58 1.13
3548-2 Mya truncata 130 2 0.072 0.006 0.884 0.012 11.06 1.04
3548-3 Mya truncata 130 2 0.138 0.012 0.790 0.010 15.28 1.18
3548-3 Mya truncata 130 3 0.176 0.047 0.740 0.029 19.83 1.30
3548-3 Mya truncata 130 3 0.171 0.005 0.747 0.003 19.18 1.28
3548-4 Mya truncata 130 3 0.272 0.026 0.629 0.009 23.49 1.37
3548-4 Mya truncata 130 4 0.242 0.030 0.662 0.012 20.77 1.32
3548-4 Mya truncata 130 4 0.254 0.026 0.648 0.010 21.87 1.34
3549-1 Mya truncata 130 4 0.128 0.011 0.803 0.011 42.26 1.63
3549-1 Mya truncata 130 1 0.174 0.001 0.743 0.000 58.60 1.77
3549-1 Mya truncata 130 1 0.108 0.002 0.832 0.002 34.90 1.54
3549-2 Mya truncata 130 1 0.165 0.026 0.754 0.017 27.85 1.44
3549-2 Mya truncata 130 2 0.226 0.003 0.680 0.001 38.69 1.59
3549-2 Mya truncata 130 2 0.149 0.007 0.775 0.005 24.84 1.40
3549-3 Mya truncata 130 2 0.224 0.031 0.682 0.014 25.59 1.41
3549-3 Mya truncata 130 3 0.220 0.028 0.687 0.013 25.07 1.40
3549-3 Mya truncata 130 3 0.214 0.019 0.694 0.009 24.39 1.39
3549-4 Mya truncata 130 3 0.390 0.073 0.512 0.014 34.41 1.54
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3549-4 Mya truncata 130 4 0.308 0.016 0.591 0.005 26.79 1.43
3549-4 Mya truncata 130 4 0.319 0.013 0.580 0.003 27.82 1.44
3550-1 Mya truncata 130 4 0.126 0.008 0.806 0.008 41.54 1.62
3550-1 Mya truncata 130 1 0.110 0.010 0.828 0.011 35.80 1.55
3550-1 Mya truncata 130 1 0.124 0.006 0.809 0.005 40.83 1.61
3550-2 Mya truncata 130 1 0.180 0.016 0.735 0.010 30.47 1.48
3550-2 Mya truncata 130 2 0.185 0.016 0.729 0.010 31.37 1.50
3550-2 Mya truncata 130 2 0.179 0.011 0.737 0.006 30.20 1.48
3550-3 Mya truncata 130 2 0.292 0.026 0.608 0.008 33.75 1.53
3550-3 Mya truncata 130 3 0.273 0.001 0.627 0.000 31.50 1.50
3550-3 Mya truncata 130 3 0.253 0.023 0.649 0.009 29.08 1.46
3550-4 Mya truncata 130 3 0.327 0.042 0.572 0.011 28.51 1.46
3550-4 Mya truncata 130 4 0.277 0.025 0.623 0.008 24.02 1.38
3550-4 Mya truncata 130 4 0.353 0.076 0.546 0.017 30.96 1.49
3551-1 Mya truncata 130 4 0.280 0.028 0.620 0.009 97.05 1.99
3551-1 Mya truncata 130 1 0.257 0.018 0.645 0.007 88.52 1.95
3551-1 Mya truncata 130 1 0.226 0.009 0.680 0.004 77.31 1.89
3551-2 Mya truncata 130 1 0.357 0.010 0.543 0.002 62.66 1.80
3551-2 Mya truncata 130 2 0.334 0.006 0.565 0.001 58.41 1.77
3551-2 Mya truncata 130 2 0.307 0.016 0.592 0.005 53.36 1.73
3551-3 Mya truncata 130 2 0.434 0.008 0.474 0.001 51.44 1.71
3551-3 Mya truncata 130 3 0.375 0.008 0.526 0.002 43.95 1.64
3551-3 Mya truncata 130 3 0.349 0.006 0.551 0.001 40.72 1.61
3551-4 Mya truncata 130 3 0.501 0.042 0.420 0.005 45.05 1.65
3551-4 Mya truncata 130 4 0.352 0.065 0.547 0.015 30.90 1.49
3551-4 Mya truncata 130 4 0.407 0.087 0.497 0.016 35.98 1.56
1124-A Mya truncata 120 4 0.026 0.007 0.956 0.040 2.78 0.44
1124-A Mya truncata 120 2 0.027 0.008 0.954 0.042 3.00 0.48
1124-A Mya truncata 120 2 0.027 0.008 0.955 0.042 2.89 0.46
1124-B Mya truncata 120 2 0.073 0.022 0.882 0.039 4.51 0.65
1124-B Mya truncata 120 5 0.079 0.024 0.873 0.039 4.95 0.69
1124-C Mya truncata 120 5 0.165 0.049 0.755 0.034 5.54 0.74
1124-C Mya truncata 120 10 0.153 0.042 0.770 0.032 5.11 0.71
1124-D Mya truncata 120 10 0.290 0.079 0.609 0.025 6.71 0.83
1124-D Mya truncata 120 15 0.265 0.085 0.636 0.030 6.12 0.79
1124-E Mya truncata 120 15 0.311 0.093 0.587 0.026 4.34 0.64
1124-E Mya truncata 120 25 0.323 0.097 0.575 0.026 4.52 0.65
1124-F Mya truncata 120 25 0.387 0.102 0.514 0.020 3.90 0.59
1124-F Mya truncata 120 35 0.357 0.094 0.543 0.021 3.58 0.55
1124-F Mya truncata 120 35 0.342 0.094 0.557 0.023 3.42 0.53
1125-A Hiatella arctica 120 35 0.048 0.014 0.922 0.041 6.65 0.82
1125-B Hiatella arctica 120 2 0.067 0.020 0.891 0.040 4.07 0.61
1125-C Hiatella arctica 120 5 0.220 0.066 0.687 0.031 6.84 0.83
1125-D Hiatella arctica 120 11 0.397 0.119 0.506 0.022 8.00 0.90
1125-E Hiatella arctica 120 17.5 0.488 0.128 0.430 0.017 7.01 0.85
1125-F Hiatella arctica 120 25 0.473 0.134 0.442 0.018 5.13 0.71
1114-A Mya truncata 100 33 0.021 0.006 0.965 0.043 0.24 -0.63
1114-A Mya truncata 100 15 0.023 0.007 0.961 0.043 0.30 -0.53
1114-A Mya truncata 100 15 0.030 0.008 0.950 0.037 0.46 -0.34
1114-B Mya truncata 100 15 0.049 0.015 0.920 0.041 0.46 -0.34
1114-C Mya truncata 100 30 0.073 0.022 0.882 0.039 0.38 -0.43
1114-C Mya truncata 100 60 0.067 0.020 0.891 0.040 0.34 -0.47
1114-C Mya truncata 100 60 0.079 0.024 0.873 0.039 0.41 -0.38
1114-D Mya truncata 100 60 0.098 0.029 0.846 0.038 0.35 -0.46
1114-D Mya truncata 100 90 0.137 0.042 0.791 0.036 0.51 -0.30
1114-E Mya truncata 100 90 0.220 0.066 0.687 0.031 0.63 -0.20
1115-A Hiatella arctica 80 120 0.037 0.012 0.939 0.045 0.09 -1.03
1115-B Hiatella arctica 80 100 0.067 0.023 0.891 0.044 0.08 -1.09
3409 Mya truncata3 -9 3396825 0.012 0.001 0.980 0.013 1.070E-07 -6.97
3408 Mya truncata3 -7 3177675 0.013 0.001 0.979 0.013 2.290E-07 -6.64
3407 Mya truncata3 -7 3214200 0.013 0.001 0.979 0.013 2.270E-07 -6.64
3410 Mya truncata3 -6 3944700 0.014 0.001 0.977 0.013 2.770E-07 -6.56
3272 Mya truncata3 5 4554668 0.048 0.004 0.921 0.012 2.950E-06 -5.53
2997 Mya truncata3 5.2 4240553 0.043 0.004 0.929 0.012 2.760E-06 -5.56
2780 Mya truncata3 7 4474313 0.062 0.006 0.899 0.012 4.130E-06 -5.38
2643 Mya truncata3 7 4611281 0.068 0.006 0.890 0.012 4.480E-06 -5.35
3065 Mya truncata3 7 4383000 0.060 0.005 0.902 0.012 4.050E-06 -5.39
3279 Mya truncata3 7.5 4050623 0.065 0.006 0.895 0.012 4.830E-06 -5.32
3274 Mya truncata3 7.5 4193070 0.059 0.005 0.904 0.012 4.150E-06 -5.38
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3275 Mya truncata3 7.5 4503533 0.061 0.005 0.901 0.012 4.030E-06 -5.39
2779 Mya truncata3 7.8 4383000 0.045 0.004 0.926 0.012 2.820E-06 -5.55
2823 Mya truncata3 7.8 4383000 0.053 0.005 0.913 0.012 3.480E-06 -5.46
3512 Mya truncata3 7.8 4751903 0.059 0.005 0.904 0.012 3.660E-06 -5.44
2778 Mya truncata3 9.1 4017750 0.072 0.006 0.884 0.012 5.500E-06 -5.26
2781 Mya truncata3 10 4611281 0.071 0.006 0.885 0.012 4.720E-06 -5.33
1 Data are from Miller (1985) and unpublished data from the INSTAAR Amino Acid Laboratory. All were measured using ion-
   exchange liquid chromatography. Most A/I values are the average of 2-3 replicate measurements. 
2 All values have been adjusted for preparation method A where appropriate
3 Radiocarbon-dated Late glacial shells from a range of environments  are used to calibrate epimerization rates at very low
   temperatures.
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CHAPTER 6: TESTING THE REGOLITH HYPOTHESIS FOR THE MID-PLEISTOCENE 
TRANSITION USING THE SEDIMENTARY RECORD OF LAURENTIDE ICE SHEET 
EROSION IN THE EASTERN CANADIAN ARCTIC1 
 
 
 
ABSTRACT 
 The erosion and evolution of glaciated landscapes through the Pleistocene and concomitant 
changes in ice sheet dynamics are poorly documented, in large part due to the fragmentary nature of 
terrestrial sedimentary archives. As a result, past tests of the regolith hypothesis for the mid-Pleistocene 
transition from 41- to 100-ka climate cyclicity have yielded ambiguous results. The Baffin Island 
landscape, which has been shaped by ice of the Foxe Sector of the Laurentide Ice Sheet (LIS), contains an 
abundance of weathered bedrock landforms and surficial sediments. Using major oxide and trace element 
geochemistry, clay mineralogy, and meteoric 10Be (10Bemet) concentrations, we show that glacial sediment 
on the interior plateaux of the island has in places been recycled by multiple glaciations. Similar deposits 
on the plateaux in between dominant fiord-outlet glacier systems and on upland surfaces in the coastal 
mountains have exceptionally high 10Bemet concentrations, high vermiculite/biotite ratios, and chemical 
index of alteration values consistent with long residence times at the landscape surface and sediment 
recycling through successive glaciations. Using these weathering signatures, we analyze the coastal 
glaciogenic deposits of the Clyde Foreland Formation (CFF) at two sites for evidence of regolith removal 
from the interior of Baffin Island by LIS erosion. Provenance indicators within the CFF demonstrate that 
Pleistocene LIS ice flow lines across Baffin Island have remained generally constant through time. The 
oldest CFF glaciogenic unit, likely representing one of the first, if not the first, LIS advances across 
Baffin Island, has high decay-corrected 10Bemet concentrations consistent with extensive regolith erosion. 
Evidence of weathered sediment is absent in all younger units, and we argue that it is unlikely that 
extensive regolith remained on the plateaux landscape until the onset of the MPT at ca. 1.2 Ma. 
 
                                                       
1 Refsnider, K.A. and Miller, G.H., in prep. Testing the regolith hypothesis for the mid-Pleistocene 
transition using the sedimentary record of Laurentide Ice Sheet erosion in the eastern Canadian Arctic. 
Quaternary Science Reviews. 
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1. INTRODUCTION 
 Since the late Pliocene, the marine oxygen isotope record has been dominated by the signal of the 
cyclical waxing and waning of continental ice sheets (Fig. 1). Following the onset of North American 
glaciation by the Laurentide Ice Sheets (LIS) at ~2.8 Ma (Raymo, 1997; Maslin et al., 1998), glacial 
cyclicity followed the obliquity orbital frequency of ~41 ka through the Early Pleistocene. Between 1.2 
and 0.7 Ma ago, ice-volume cyclicity transitioned to a higher-amplitude, lower-frequency, ~100-ka period 
characteristic of subsequent glaciations (Clark et al., 2006; Lisiecki and Raymo, 2007; Huybers, 2007; 
Fig. 1).  This enigmatic change, known as the mid-Pleistocene transition (MPT), is of particular interest 
because it reflects a fundamental change within the climate system independent of radiative forcing.  
 Most proposed mechanisms for the MPT focus on the nonlinear amplification of a gradually 
cooling climate, orbital parameters, or an independent physical mechanism (e.g., Saltzman et al., 1984; 
Raymo, 1997; Berger et al., 1999; Tziperman and Gildor, 2003; Huybers and Wunsch, 2005; Raymo et 
al., 2006; Huybers, 2007; Ashkenazy and Gildor, 2008). One potential non-climatic mechanism is the 
gradual erosion of deformable pre-glacial regolith from beneath the LIS (Clark and Pollard, 1998; Clark 
et al., 1999; Clark et al., 2006). According to the regolith hypothesis, prior to the MPT, deformable, 
water-saturated sediment at the interface between the ice sheet and its underlying bed allowed the LIS to 
flow rapidly. The pre-MPT LIS responded linearly to orbital forcing, waxing and waning with the ~41-ka 
obliquity cycle. As the mobile regolith was gradually removed, more of the ice sheet flowed directly over 
non-deformable crystalline bedrock, resulting in lower ice flow velocities, and consequently, a greater ice 
thickness, which resulted in an ice sheet that was unable to respond as rapidly to orbital forcing. 
 While records from numerous geological archives in the marine realm and along the southern 
LIS margin are generally consistent with the regolith hypothesis, none provide particularly strong support 
due to challenges in attributing observed changes to a particular physical mechanism, the inability to 
remove potential complicating factors affecting the records, and fragmentary till records. Furthermore, 
recent documentation of both earliest Pleistocene and post-MPT LIS advances to similar mid-continent 
latitudes  
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Figure 1. Pleistocene climate cyclicity illustrated by the benthic foraminifera oxygen isotope record from 
North Atlantic ODP site 607 (Ruddiman et al., 1989). Horizontal grey bars show the minimum ages and 
the relative degrees of amino acid racemization (AAR) for the seven Clyde Foreland Formation 
aminozones from Refsnider et al. (in review).  
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challenges this hypothesis (Balco and Rovey, 2010). In this paper, we take advantage of the terrestrial 
sedimentary record to explore spatial and temporal patterns in Pleistocene LIS erosion on Baffin Island in 
the eastern Canadian Arctic (Fig. 2). In doing so, we are able for the first time to assess the removal of 
preglacial regolith from the Arctic landscape along the former northern margin of the LIS at two sites 
with exceptional sequences of Pleistocene glaciogenic deposits. Prior studies have also identified 
weathered surficial deposits on interfluves in the coastal mountains and some interior plateaux (Andrews 
and Miller, 1972; Staiger et al., 2006; Refsnider and Miller, 2010). We show that this till and colluvium 
exhibit major oxide and trace element signatures, clay mineralogy, and meteoric 10Be (10Bemet) 
concentrations consistent with prolonged residence time at the landscape surface and document the spatial 
variability in LIS erosion and the recycling of till by successive glaciations. We apply the same 
geochemical and mineralogical tools to detect pre-depositional weathering signatures in CFF glacial 
deposits related to LIS regolith erosion. 
 
1.1. An Arctic test site for the regolith hypothesis 
 The Clyde Foreland Formation (CFF; Feyling-Hanssen, 1976; Miller et al., 1977; Nelson, 1981; 
Miller, 1985) of Baffin Island represents the most complete known glaciogenic sediment record deposited 
by the LIS along its northern margin. Exposed in wave-eroded cliffs are recurring sedimentary facies 
deposited on the Clyde Foreland and Qivitu Peninsula (Figs. 2 and 3) during seven major ice-sheet 
advances (Nelson, 1981) when an ice dome centered over Foxe Basin fed ice that flowed across Baffin 
Island to calving margins in Baffin Bay (Miller et al., 2002 and references therein). During an individual 
sedimentation cycle, the growth of the Foxe Sector of the LIS (Fig. 2) isostatically depressed Baffin 
Island, and the resulting marine transgression inundated coastal lowlands. The deposition of silt and 
sublittoral sand on these lowlands continued until ice advances deposited distal- to proximal glaciomarine 
sediment, followed by till. Upon deglaciation, this sequence reversed, and subaerial exposure followed 
marine regression and reemergence. Under the modern climate regime, CFF sediments are frozen beneath 
an active layer approximately 50 cm thick. Topographic channeling of ice flow around these coastal  
146
  
 
 
 
 
 
Figure 2. Generalized geologic map of Baffin Island after de Kemp and Scott (1998) and St-Onge et al. 
(2007); arrows indicate approximate last glacial maximum ice flow directions. Inset shows the location of 
Baffin Island relative to the Laurentide Ice Sheet (LIS), as well as the Pleistocene maximum extent to 
which the LIS advanced at least four times (Balco and Rovey, 2010). Box shows the extent of the map in 
Fig. 4.  
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Figure 3. Photograph of a 35-m-tall exposure of the Clyde Foreland Formation in which Aminozones 3-5 
are exposed. Note the circled person for scale.  
Aminozone 4
Aminozone 5
Aminozone 3
Holocene
sediment
Modern beach
148
  
lowlands and coverage by cold-based ice during glaciations (Briner et al., 2006; Davis et al., 2006) has 
preserved the unconsolidated CFF deposits.  
 A chronological framework for the seven CFF aminozones has recently been established using a 
combination of cosmogenic radionuclide (CRN) isochron burial dating and amino acid racemization 
(AAR; Refsnider et al., in review). The CRN-based minimum age for the burial of the Aminozone 6 
paleosol by Aminozone 5 sediment is 1.2 ± 0.2 Ma (Fig. 1). Using this burial age to calibrate AAR with a 
conservative error propagation approach, the deposition Aminozone 6 sediment took place during or prior 
to the MPT. However, because the minimum modeled isochron burial age is based upon the assumption 
that no additional sediment was deposited at the site until Aminozone 1 time, a relatively implausible 
scenario, a pre-MPT minimum age of ca. 1.6 Ma is more likely for Aminozone 6 (Refsnider et al., in 
review). Aminozone 7 is characterized by considerably more racemized mollusks and records an Early 
Pleistocene or latest Pliocene ice sheet advance across Baffin Island (3.3 ± 1.1 Ma; Fig. 1). Post-MPT ice 
advances deposited the sediments of Aminozones 1, 2, and 3. 
 We posit that if flow of the Foxe Sector of the LIS across Baffin Island was enhanced by low 
basal shear stresses maintained by the deformation of regolith, we should see evidence of weathered 
surficial sediment transported from the scoured interior plateaux of Baffin Island and deposited in the 
CFF.  The progressive weathering of crystalline felsic bedrock results in a vertical profile of chemically 
altered saprolite with the highest degree of alteration near the surface (Goldich, 1938; Nesbitt and 
Markovics, 1997).  Changes include the gradual dissolution and loss of weatherable minerals (e.g., 
plagioclase and biotite) and soluble cations (Na+, Ca+2, K+).  The upper part of the weathering profile 
becomes enriched in more resistant minerals (quartz, potassium feldspar) and weathering products 
(kaolinite, vermiculite, smectite, goethite), as well as less soluble elements (Al, Ti, Mn, Ni). The presence 
of a weathered geochemical or mineralogical signature in Aminozones 7, 6, and possibly 5 would be 
consistent with the regolith hypothesis. 
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 We apply an approach similar to that of Roy et al. (2004) and analyze the major oxide and trace 
element geochemistry, mineralogy, and 10Bemet inventory weathered till and colluvium from the interior of 
Baffin Island and the coastal CFF glaciogenic sediment. We also use till major oxide geochemistry and 
Sm and Nd isotopes to show that ice flow lines across Baffin Island were relatively invariant through 
time, delivering sediment of a constant provenance to the coastal lowlands. The weathered till and 
colluvium preserved on parts of the interior plateaux and upland surfaces (Fig. 4) are characterized by 
distinct geochemical and mineralogical evidence of weathering and record spatial variability in LIS 
erosion. Using these data as guidance, we then identify weathering signatures present in Clyde Foreland 
and Qivitu Peninsula CFF glacial deposits and evaluate their relevance to the regolith hypothesis for the 
MPT. 
 
2. METHODOLOGY 
2.1. Sediment sampling and processing 
 We collected till samples from the interior plateaux of central Baffin Island (200-800 m a.s.l.) 
from 3-10 cm depth within the finer-grained material concentrated at the centers of frost polygons (Fig. 
4). Along the northern margin of the Barnes Ice Cap (Fig. 4), we collected sediment from surface of the 
decaying, sediment-rich basal LIS ice (Hooke, 1976; Refsnider et al., in press). At higher elevations on 
upland surfaces (900-1400 m a.s.l.) in the coastal mountains, we sampled colluvium, typically from the 
centers of frost polygons. From the CFF, we primarily collected samples from proximal glaciomarine or 
till units within each of Aminozones 1-6 on the Clyde Foreland and all 7 aminozones on the Qivitu 
Peninsula. These units are generally laterally continuous for hundreds of meters, contain subangular to 
subrounded clasts pebble- to boulder-sized clasts, and are supported by a silty to clayey matrix. The 
positions of CFF samples in the CFF stratigraphy are in accordance with numerous studies of the amino- 
and biostratigraphy of the deposits (Feyling-Hanssen, 1976; Miller et al., 1977; Nelson, 1981; Nelson, 
1982; Feyling-Hanssen, 1985; Miller, 1985; Refsnider et al., in review). Absolute ages of the aminozones 
follow Refsnider et al. (in review; Fig. 1).  
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Figure 4. Till and colluvium chemical index of alteration (CIA) values, clay mineralogy, and meteoric 
10Be data for central and northern Baffin Island. Circles are CIA data from Refsnider and Miller (2010), 
and squares and triangles are new data from this study. Colluvium samples from the coastal uplands are 
indicated with a black dot. The sediment groups with relatively low and high meteoric 10Bemet 
concentrations (Fig. 9A and Table 2) are identified by thin and thick black outlines, respectively. See 
supplementary material for complete dataset. 
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2.2. Geochemical analyses 
 Samples were dried at 40 °C before separating out the clay- (<2 µm) and silt-sized (2-63 µm) 
fractions of subsamples using a combination of settling and centrifugation. We measured major oxides 
and a suite of 40 trace elements on the silt and clay (n = 55 and 45, respectively) fractions of till and 
colluvium samples from the Baffin Island interior, CFF samples from the Clyde Foreland (n = 39 and 38, 
respectively) and Qivitu Peninsula (n = 55 and 58, respectively) using an ARL 3410+ inductively coupled 
optical emission spectrometer and a suite of 34 trace elements using a Perkin Elmer SCIEX inductively 
coupled plasma mass spectrometer. Analytical precision for all oxides and elements was generally better 
than 5% based on replicate measurements. The chemical index of alteration of samples was calculated 
using CIA = Al2O3 / (Al2O3 + CaO* + NaO + K2O) x 100%, where oxides are expressed as molar 
proportions and CaO* is CaO from non-carbonate phases (Nesbitt and Young, 1982; Fedo et al., 1995). 
Samples were screened for elevated carbonate content using the procedure described in Refsnider and 
Miller (2010). For statistical analyses, major oxide data were converted to ppm and all data were 
transformed using the centered log ratio method of Aitchison (1986). Sm and Nd isotope analyses were 
performed on the combined clay- and silt-sized fraction of 7 Clyde Peninsula CFF glaciogenic sediment. 
Samples were leached in 4 N HCl, rinsed, and dissolved in HF and HClO4 prior to isotope separation and 
measurement following the procedures of Farmer et al. (1991).  
 
2.3. Mineralogical analyses 
 We determined the mineralogical composition of the combined silt and clay fractions of 40 till 
and colluvium samples from the Baffin Island interior, and the clay fraction of 15 and 28 CFF samples 
from the Clyde Foreland and Qivitu Peninsula, respectively. One gram of sample was ground in a 
micronizing mill, spiked with 0.25 g of corundum powder, moistened with Vertrel® and shaken in a bottle 
with several plastic beads to achieve completely random grain orientations, air dried, and loaded into a 
slide for x-ray diffraction (XRD) analysis. RockJock v.11 (Srodon et al., 2001; Eberl, 2003) was used for 
spectra peak identification and quantitative phase analysis. Uncertainties are approximately 4%, although 
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we were not able to quantify a biotite-vermiculite mixed-layer clay phase in some samples using 
RockJock. 
 Additional diagnostic treatments to oriented grain mounts are required to identify some clay 
minerals. We solvated a subset of 11 samples with ethylene glycol prior to heating to 550 °C, repeating 
the XRD analysis after each step. The identification of clay mineral peaks followed Moore and Reynolds 
(1997). Biotite is identified by sharp peaks near 10 Å (8.8 °2θ) and 3.4 Å (26.2 °2θ) that are unaffected by 
glycolation and heating. Vermiculite has a characteristic peak between 13.5 Å (6.5 °2θ) and 14.5 Å (6.1 
°2θ) that collapses to approximately 10 Å (8.8 °2θ). Hydrobiotite, a biotite-vermiculite mixed-layer clay 
with regularly alternating phases, has peaks at 12.3 Å (7.2°2θ) and 3.5 Å (25.5 °2θ) that both shift 1 Å 
upon glycolation and are unaffected by heating (Brindley et al., 1983). Kaolinite has a diagnostic 
symmetrical peak at 7.13 Å (12.2 °2θ) and a less intense peak around 3.5 Å (25 °2θ), both of which 
disappear upon heating.  
 
2.4. Meteoric 10Be analyses 
  The concentration of 10Bemet was measured in 8 samples from the interior of Baffin Island and 13 
CFF glaciogenic sediment samples. All analyses were made on the clay size fraction with the exception of 
six of the eight interior samples in which we used the combined clay and silt fraction due to low clay 
content, and for two of the CFF samples, we independently analyzed both the clay and silt fractions. We 
extracted 10Be from 0.5 to 1 gram of sediment using a fusion method (Stone, 1998). 10Be/9Be ratios were 
measured by accelerator mass spectrometry at PRIME Lab and referenced to the 07KNSTD standard 
(Nishiizumi et al., 2007).  
 
3. RESULTS AND DISCUSSION 
3.1. Till geochemistry - provenance 
 The Arctic LIS geometry is best known for the last glacial cycle when an ice dome centered over 
Foxe Basin fed ice that flowed across Baffin Island (Miller et al., 2002; Dyke, 2004). It is not known 
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whether ice flow lines across the region varied during the Pleistocene, although Refsnider and Miller 
(2010) postulate that the modern fiord configuration, which exerts a strong control on flow dynamics, was 
established prior to the MPT. Carbonate erratics originating in Foxe Basin occur in glacial deposits across 
the island (Tippett, 1985) and in CFF glaciogenic sediments of all aminozones, providing evidence of 
delivery of far-traveled (>400 km) products of glacial erosion throughout the Pleistocene. However, in 
order to interpret any possible weathering signals observed in CFF sediments as being related to the 
erosion of regolith, we must show that the provenance of the sediment has remained constant. Any 
substantial contribution of eroded material from metasedimentary bedrock of the Piling Group (Fig. 2), 
which carries its own paleo-weathering signal (Refsnider and Miller, 2010), would confound our 
interpretations.  
 The crystalline Rae Craton and Cumberland Batholith (Fig. 2) have major oxide geochemistry 
signatures distinctly different from Piling Group bedrock. These differences are clearly evident when 
bedrock, till, colluvium, and glaciogenic sediment compositions are plotted on a FM-A-CNK (Fe + Mg – 
Al – Ca + Na + K oxides) ternary plot (Fig. 5A). Nearly all Rae Craton and Piling Group bedrock samples 
plot in different regions in FM-A-CNK space, with the former falling on the potassium feldspar-biotite 
join. Samples of the minimally weathered (CIA < 65) till clay fraction, including data compiled by 
Refsnider and Miller (2010), plot atop Rae Craton bedrock on or below this join, whereas samples of 
Piling Goup till all plot above the join. Clyde CFF silt fraction samples from all aminozones plot among 
the Rae Craton bedrock samples, and Clyde CFF clay fraction samples plot along the same array (see 
Appendix 2 Supplementary Table 1 for raw data), distinctly off the mixing line that would be expected for 
a combination of Rae and Piling sources. The distinction between sediment derived from the Cumberland 
Batholith and the Piling Group is similarly pronounced (Fig. 5B), and these geochemistry data show that 
Qivitu Peninsula CFF sediments have had a constant Cumberland Batholith source. 
Neodymium isotope (εNd) and 147Sm/144Nd ratios can also provide evidence of changes in 
provenance of Arctic glaciogenic sediment (Farmer et al., 2003; Reynolds et al., 2004). The different 
bedrock lithologies on central Baffin Island are characterized by large differences in these isotopes  
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Figure 5. FM – A – CNK (Fe + Mg – Al – Ca + Na + K oxides) ternary plots for provenance analysis. A. 
Rae Craton, Piling Group, and Clyde Foreland CFF bedrock and sediment data. B. Cumberland Batholith, 
Piling Group, and Qivitu Peninsula CFF bedrock and sediment data. Geochemical data from Thériault et 
al. (2001), Johns (2002), Dredge (2004), St-Onge et al. (2007) and Utting et al. (2008). See 
supplementary material for dataset. 
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(Thiébault et al., 1989; Johns, 2002), providing a second independent tool to use for evaluating changes in 
LIS flow lines. Figure 6 shows a compilation of isotopic data from the three bedrock provinces of interest 
and 7 Clyde Foreland CFF samples (Table 1) spanning the aminozone range. The CFF samples plot 
within the Rae Craton sample array, which itself plots beneath most Piling Group samples. The isotopic 
composition of Cumberland Batholith and Piling Group bedrock are similar, so we did not measure Sm-
Nd isotopes on any Qivitu Peninsula CFF samples. These data are consistent with the major oxide 
geochemistry results, and we conclude that LIS flow lines across Baffin Island have not dramatically 
changed during the Pleistocene. Provenance-based flow line reconstructions for the south-central sector of 
the LIS also show no major changes during the past 2.0 Ma (Roy et al., 2007). 
 
3.2. Till geochemistry – weathering 
 Refsnider and Miller (2010) demonstrated that the CIA value of sediment from central Baffin 
Island has a strong positive correlation with the in situ cosmogenic radionuclide (CRN) inventory, 
indicating that more weathered material with higher CIA values has experienced a longer residence time 
at the landscape surface. This is to be expected since the CIA of a sample is related to the proportion of 
primary minerals to chemically weathered products and leached cations. The spatial coherence of CIA 
variability in the till is the result of cover by non- or minimally-erosive ice during numerous glaciations. 
Based on these results and other investigations, it is known that the intensity of glacial erosion varied 
considerably across Baffin Island during recent glaciations due to spatial heterogeneities in the basal 
thermal regime of the ice. Erosion by warm-based ice was extensive within fiords and most fiord onset 
zones (Sugden, 1977; Briner et al., 2006; Briner et al., 2008), but in the coastal mountains and on the 
interior of the island in between major fiord systems, cold-based ice prevented appreciable ice-sheet 
erosion and preserved older, weathered surficial sediment and and bedrock (Ives, 1975; Andrews et al., 
1985; Bierman et al., 1999; Briner et al., 2006; Staiger et al., 2006; Refsnider and Miller, 2010).  
 To further explore these weathering signals and the spatial distribution and residence time of 
weathered sediment on the modern landscape, we analyzed sediment samples primarily from areas 
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Figure 6. Sm-Nd isotope data comparison for the Clyde Foreland CFF glaciogenic sediments and 
possible bedrock sources; the glaciogenic sediments have an isotopic signature consistent with solely a 
Rae Craton source. Data from Thériault et al. (2001), Johns (2002), and St-Onge et al. (2007). See 
supplementary material for dataset. 
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characterized by the highest CIA values in Refsnider and Miller (2010) and upland surfaces >1000 m 
a.s.l. within the coastal mountains (Fig. 4). In the former area, CIA values were consistent with previous 
data. Weathered till with CIA values greater than 65 is widespread in three areas, along the eastern and 
western ends of the Barnes Ice Cap, and west of the Cambridge Fiord onset zone. The landscape surface 
in all three areas is characterized by till plains with well-developed patterned ground and widely scattered 
exposures of weathered bedrock. 
 Concordant upland surfaces within the coastal mountains may be remnants of a low-relief 
Tertiary landscape into which the deep fiords and glacial valleys have been incised (RAND, 1963). 
Colluvium from these surfaces southeast of Pond Inlet has highly variable CIA values, ranging from 52 to 
75 (Fig. 4). Cover by small ice caps during interglaciations at some sites may help explain some of the 
low CIA values. However, CRN inventories in two colluvium samples from this region are indicative of 
continuous burial since the Pliocene (Staiger et al., 2006), attesting to the possible antiquity of these 
surfaces. 
 LIS till melting out from the basal ice of the Barnes Ice Cap (Hooke and Claussen, 1982; 
Refsnider et al., in press) along its northeastern margin in a zone of glacially scoured bedrock (Briner et 
al., 2008) has CIA values between 59 and 62 (see supplementary data). These values are notably higher 
than the values of 40-55 for tills derived predominantly from fresh bedrock elsewhere in the region (Fig. 
4), indicating that along this particularly flowline, the LIS was eroding and recycling previously 
weathered material. This entrained debris, however, remains on the plateaux landscape, not having been 
transported out to the fiords. 
 We performed a principle component analysis (PCA) to identify the primary differences in 
geochemistry and mineralogy among more- and less-weathered till and colluvium samples. Using the 9 
most discriminating log-centered elemental and mineralogical parameters identified by linear discriminant 
analysis, several groupings of samples are clearly evident in principle component space (Fig. 7A). The 
first principle component axis explains 37% of the variance and is related to the extent of chemical 
weathering in a sample. More weathered samples plot toward the negative end of this axis, depleted in Ca 
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Figure 7. Geochemical and mineralogical data comparisons. A. Principle components analysis including 
weathered interior till and colluvium samples and Clyde Foreland (CF) CFF glaciogenic samples from 
several aminozone (AZ) groups. B. Probability distribution function (PDF) plots of the clay fraction 
chemical index of alteration (CIA) values for different aminozone groups for both the Clyde Foreland and 
Qivitu Peninsula (QP). C. PDF plots of the vermiculite/biotite ratios of the same aminozone groups as 
shown in B. Both CIA values and vermiculite/biotite ratios from the different aminozone groups are 
indistinguishable from one another. See supplementary material for complete dataset. 
0 0.4
0
2
4
6
8
10
Re
la
tiv
e 
pr
ob
ab
ili
ty QP AZ 1-3
QP AZ 4-5
QP AZ 6
QP AZ 7
Vermiculite/Biotite
CF AZ 1-3
CF AZ 4-5
CF AZ 6
12
0.80.60.2
50 55 60
0
0.1
0.2
0.3
0.4
0.5
Re
la
tiv
e 
pr
ob
ab
ili
ty QP AZ 1-2
QP AZ 3-4
QP AZ 5-6
QP AZ 7
Chemical index of alteration
CF AZ 1-3
CF AZ 4-5
CF AZ 6
Vermiculite/
biotite
Al
Na
Ti
K
Zn
Ca
La
Rae Craton till; clay, CIA ≤65
Rae Craton till; clay, CIA >65
Clyde CFF; clay AZ 1-3
Clyde CFF; clay AZ 4-5
Clyde CFF; clay AZ 6
Rae Craton upland colluvium; clay
Co
0
0
Principle component 1 (chemical weathering)
Pr
in
ci
pl
e 
co
m
po
ne
nt
 2
-1
-1 1
1
A
B
C
160
  
 and K and characterized by higher vermiculite-biotite ratios (discussed below). The second principle 
component axis explains 20% of the variance and is related to Al enrichment. Till samples with CIA 
values >65 all plot in the upper left quadrant of the plot, till samples with lower CIA values generally fall 
closer to the center of the plot, and colluvium from upland surfaces again exhibit a range of weathering 
 CFF glaciogenic sediments on both the Clyde Foreland and Qivitu Peninsula exhibit no changes 
in CIA values among the different aminozones (Fig. 7B). In principle component space, these samples are 
characterized by the most positive values on the first component axis, reflecting the least modification by 
chemical weathering (Fig. 7A). Qivitu Peninsula samples have slightly higher CIA values, likely due to 
minor differences in bedrock geochemistry. Thus, while the presence of weathered material is evident by 
elevated CIA values in areas across the interior of the island, we do not observe any indication of a 
substantial contribution of this weathered sediment to the CFF deposits. 
 
3.3. Mineralogy 
 The chemical weathering of surficial materials often results in the formation of a suite of 
diagnostic clay minerals, and as such, we focused our mineralogical analyses on the clay-sized fraction 
(see supplementary data). The source of hydrobiotite, vermiculite, and kaolinite in soil is predominantly 
due to chemical weathering of biotite and plagioclase. The alteration of biotite to hydrobiotite to 
vermiculite occurs as interlayer bonds are weakened by oxidation and Mg+2 replaces K+, initially forming 
alternating units (Farmer and Wilson, 1970). The hydrolysis of feldspars can produce kaolinite and free 
cations (Tardy et al., 1973). Clay weathering products are abundant in till and colluvium samples from the 
Baffin Island interior and absent in glaciogenic sediments of the Clyde Foreland Formation (see 
Supplementary Tables 3 and 4 in Appendix 2 for raw XRD data and RockJock analysis results). 
  In samples from the interior of the island, biotite and vermiculite are the most abundant clay 
minerals, each accounting for than 20% of the total mineral content of the clay-sized fraction, and all 
samples with a vermiculite peak in the XRD spectrum also exhibit a mixed-layer vermiculite-biotite clay 
peak that we were unable to quantify (Fig. 8A). Muscovite and kaolinite are present at concentrations of  
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Figure 8. Mineralogy results. A. X-ray diffraction spectra (black line) for a weathered interior till sample 
(upper panel) and a Qivitu Peninsula CFF Aminozone 7 sample. Clay mineral peaks are identified as V – 
vermiculite, B – biotite, V/B – interlayered vermiculite-biotite (hydrobiotite), and K – kaolinite. The grey 
line shows the best-fit solution from the quantitative phase analysis. Note the V/B peak in the upper panel 
that we were not able to quantify. B. Relationships between the V/B ratio and the clay fraction chemical 
index of alteration values of samples from a variety of settings. A strong relationship (r2 = 0.52) exists 
between these two variables only for till from the interior plateaux. CFF samples all plot near the least 
weathered till and colluvium samples. See supplementary material for complete dataset. 
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generally less than 5%. Quartz and feldspars are the most abundant non-clay minerals. The 
vermiculite/biotite ratios and CIA values of till samples from the interior plateaux are strongly correlated, 
with more weathered samples having higher ratios (r2 = 0.52; Figs. 6 and 8B). The kaolinite/feldspar ratio 
is weakly correlated to CIA for the same samples (r2 = 0.29), but because some kaolinite is likely derived 
from local bedrock (Isherwood, 1975), this ratio may not provide a reliable metric for weathering. No 
other mineral phases or ratios are correlated to CIA values. Colluvium samples from above 1000 m a.s.l. 
in the costal uplands exhibit a broad range of vermiculite/biotite and kaolinite/feldspar ratios, both 
uncorrelated with CIA values (Figs. 6 and 8B).  
 These results complement prior investigations of soils developed on sediment derived from the 
Cumberland Batholith. Vermiculite, degraded biotite (hydrobiotite), and kaolinite are absent or present in 
only trace amounts in post-glacial soils but become increasingly abundant in older soils (England and 
Andrews, 1973; Isherwood, 1975; Bockheim, 1979; Evans and Cameron, 1979). Vermiculite and 
kaolinite are also present in significantly higher concentrations above 600 m a.s.l. (Bockheim, 1979) on 
upland surfaces characterized by moderately to highly weathered bedrock outcrops (Andrews and Miller, 
1972). Chlorite and smectite are uncommon in all these soils. We conclude that under interglacial climate 
regimes on Baffin Island, vermiculitization of biotite and kaolinitization of feldspar are the dominant 
mineralogical transformations. The correlation between vermiculite/biotite ratios and CIA values may be 
strengthened by the comminution of biotite grains by glacial abrasion.  
 The CIA values and clay mineral assemblages of the weathered interior till and upland colluvium 
samples are similar to those found in other higher elevation topography in crystalline terrain interpreted to 
have been covered by cold-based ice during recent or all Pleistocene glaciations (e.g., Allen et al., 2001; 
Marquette et al., 2004; Darmody et al., 2008; Goodfellow et al., 2008). This observation supports the 
results of Refsnider and Miller (2010), whose CRN modeling, using the most reasonable glacial-
interglacial burial-exposure scenarios, suggests that sediment with CIA values greater than ~75 have 
likely remained on the landscape for at least ca. 1.2 Ma.  
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 The CFF glaciogenic deposits contain the same general suite of minerals as the interior sediment 
(see supplementary data). The fine-grained fraction of the CFF deposits is enriched in biotite, a trend 
previously identified in sediment derived from glaciated catchments on northeastern Baffin Island 
(Nesbitt and Young, 1996). For the Clyde Foreland CFF samples, the vermiculite/biotite ratio averages 
only 0.2 (standard deviation = 0.05), compared to 1.4 (standard deviation = 1.0) for the interior plateaux 
till samples, and there is no discernable difference in mineralogy between old and young aminozones 
(Fig. 7C). The PCA of all these till, colluvium, and Clyde CFF glaciogenic sediments samples (Fig. 7A) 
shows that the CFF samples are most similar in composition to the least weathered interior sediments 
with no vermiculite enrichment and Ca or K cation depletion, the most characteristic evidence of 
chemical weathering of the Rae Craton. CFF glaciogenic sediments on the Qivitu Peninsula are similar, 
with no statistical difference in vermiculite/biotite ratios between any of the aminozones (Fig. 7C).  
 These results support the CIA data, suggesting that there has been no appreciable component of 
weathered sediment eroded by the LIS and deposited in the CFF prior or subsequent to the MPT. 
Additionally, the apparent absence of smectite in any till, colluvium, CFF glaciogenic sediment, or Baffin 
Island soils provides insight into the decrease in smectite and kaolinite over the MPT in central Baffin 
Bay marine sediments (ODP core 645B; Andrews, 1993). It is unlikely that the relatively abundant 
smectite in this core is related to regolith removal from Baffin Island as suggested by Roy et al. (2004) 
and Clark et al. (2006). This signal may instead be related to the carving of troughs into Tertiary 
sedimentary rocks rich in these clays (Gilbert, 1982; MacLean, 1985).  
 
3.4. Meteoric 10Be measurements 
 10Bemet is a CRN formed in the upper atmosphere by spallation reactions and delivered by 
precipitation and dry deposition to the landscape surface, where it adheres tightly to sediment (Brown, 
1987; Graly et al., 2010; Willenbring and von Blanckenburg, 2010). Adsorbed 10Bemet remains nearly 
immobile at pH > 4 (Pavich et al., 1986; Graly et al., 2010; Willenbring and von Blanckenburg, 2010), 
although the advection of fine-grained particles to which 10Bemet is adsorbed will redistribute 10Bemet 
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within the soil column. The loss of 10Bemet from soils is predominantly by surface erosion and radioactive 
decay with a half-life of 1.36 Ma (Nishiizumi et al., 2007). Typical Pleistocene regolith in unglaciated 
regions has equilibrium 10Bemet concentrations of between 109 and 1010 atoms g-1 in the upper meter or 
two, decreasing to 106 to 107 atoms g-1 at 10 to 15 m depth (Pavich et al., 1985; Graly et al., 2010 and 
references therein).  
 Surficial sediment on the interior of Baffin Island exhibits a bimodal distribution of 10Bemet 
concentrations (Fig. 9A and Table 2). Weathered till and colluvium has 10Bemet concentrations, which are 
not corrected for any decay, clustered tightly around 8 x 108 atoms g-1 for the combined silt and clay 
fraction of four samples. Of these samples, one is till from a hilltop 8 km northwest of the Barnes Ice Cap, 
two samples are from 5-10 and 40-50 cm depth within a frost polygon on a hilltop 20 km northeast of the 
Barnes Ice Cap, and one was collected from a frost boil at 1065 m a.s.l. along the rim of the North Arm of 
Coutts Inlet; all have clay fraction CIA values greater than 70 with the exception of the latter sample. The 
statistically indistinguishable concentrations in the pair of samples collected at 5-10 and 40-50 cm depth 
indicate thorough mixing by cryoturbation within frost polygons. Till from the scoured plateaux 
landscape and from sediment-rich basal LIS ice of the Barnes Ice Cap have notably lower 10Bemet 
concentrations ranging from 6 x 107 to 2 x 108 atoms g-1 and low CIA values (43 to 64). Our paired 
measurements of both the silt and clay fraction of two samples show that the 10Bemet concentration of the 
latter is an order of magnitude greater than the former, so for these samples, the silt-sized fraction 
provides only a second-order influence on the bulk 10Bemet inventory.  
 CFF sediments have 10Bemet concentrations spanning an order of magnitude, and when corrected 
for decay since deposition based on the minimum aminozone ages from Refsnider et al. (in review), the 
range is even greater (Fig. 9A and Table 2). Three of four Aminozone 7 samples had 10Bemet 
concentrations upon burial of approximately 9 x 109 atoms g-1, comparable to the weathered surficial 
sediments from the interior of the island. Six of 7 samples from younger aminozones had concentrations 
between 4 x 107 than 2 x 108 atoms g-1 upon burial, comparable to the range of concentrations measured 
in the minimally weathered interior tills. The erosion of regolith by an ice sheet should result in marginal  
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Figure 9. Meteoric 10Be results. A. Comparison of 10Bemet concentrations for interior till and colluvium 
samples and CFF glaciogenic sediments. Errors on the measurements are smaller than the data points; 
error bars on the decay-corrected concentrations, which are minimum estimates, indicate the 1σ 
uncertainties calculated from the uncertainty in the minimum aminozone age estimates. The more 
weathered till samples (which includes one colluvium sample) have generally high clay fraction chemical 
index of alteration (CIA) values and vermiculite/biotite ratios, and the less weathered till samples have 
CIA values below 65 and relatively low vermiculite/biotite ratios. B. The evolution of CIA values and 
meteoric 10Bemet concentrations due to dilution of a hypothetical till sample by freshly eroded bedrock. 
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till deposits with relatively high 10Bemet concentrations until the 10Bemet-rich regolith is removed. 
Subsurface till deposits along the southern margin of the LIS contain decay-corrected 10Bemet at 
concentrations ranging from 106 atoms g-1 for post-MPT tills to 108 atoms g-1 for the oldest pre-MPT tills 
(Balco, 2004; Roy et al., 2004). Ice-bound sediment along the western margin of the Greenland Ice Sheet 
has 10Bemet concentrations of 106 to 108 atoms g-1, indicating that the ice sheet is transporting sediment 
that accumulated moderately high 10Bemet inventories during past interglacial exposure (Graly, 2011). Our 
results suggest that glacial deposits within Aminozone 7 contain a 10Bemet inventory inherited from 
weathered regolith. Weathered till and colluvium samples from the interior of Baffin Island have 
exceptionally high measured 10Be concentrations, and till samples with low CIA values have 10Bemet 
concentrations higher than expected for fresh LIS till. 
 
3.5. Meteoric 10Be modeling 
 To better understand these data, we explore the cyclic accumulation of 10Bemet during brief 
interglaciations on the Baffin Island landscape with a simple numerical model. We use a mean long-term 
10Bemet deposition rate of 6 x 105 atoms cm-2 yr-1, a compromise among the predictions of 10Bemet 
deposition models (Field et al., 2006; Heikkilä et al., 2009) and the sigmoidal regression equation fit to 
empirical data (Graly et al., 2011) for 70 °N and 27.5 cm yr-1 precipitation (Mekis and Vincent, 2011). In 
permafrost environments, a substantial proportion of 10Bemet deposited during winter is lost to runoff 
during snowmelt (Willenbring and von Blanckenburg, 2010), and adsorption of 10Bemet in permafrost soils 
only occurs during months in which the active layer is thawed. Thus, in our model, we reduce the 10Bemet 
deposition rate by a factor, fthawed, equivalent to the fraction of the year during which the active layer is 
predominantly thawed. We estimate this value to be 0.2 and assume an average dry density for the active 
layer of 1.4 g cm-3 and a mean summer active layer thickness, zactive, of 50 cm. For samples from the 
interior of Baffin Island, we assume that the active layer is well mixed with respect to 10Bemet due to 
cryoturbation based on the comparable 10Bemet concentrations in the soil pit samples, so the total 10Bemet 
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inventory is directly proportional to the 10Bemet concentration at any depth. Any removal of surface 
material by glacial or subaerial erosion would reduce to this inventory.  
 Considerable spatial and temporal variability in these parameters was likely throughout the 
Pleistocene. It is expected that fthawed and zactive would both increase with greater interglacial warmth (Dyke 
and Zoltai, 1980). We assume that during glaciations, cover by cold-based ice would have prevented any 
10Bemet accumulation at sites characterized by elevated CIA values (Refsnider and Miller, 2010). The 
contribution of 10Bemet to subglacial sediments by basal melting has not been investigated, although late 
Holocene Greenland Ice Cap ice has low 10Bemet concentrations of <3 x 104 atoms g-1 (Berggren et al., 
2009). The development of a basal regelation layer by refreezing at the ice-bed interface would further 
limit the delivery of 10Bemet to subglacial sediments; a thick regelation layer characterizes the basal LIS 
ice preserved within the Barnes Ice Cap (Hooke and Claussen, 1982; Refsnider et al., in press).  
 The 4 samples with the highest 10Bemet concentrations all come from sites that were not 
deglaciated until after 5 ka (Dyke, 2004). Under a burial-exposure scenario in which tinterglacial, the average 
fraction of each 41- (until 900 ka) and 100-ka (since 900 ka) glacial cycle the sites were deglaciated is 
0.15. Starting with no initial 10Bemet (NBe0 = 0 atoms g-1) with a total burial-exposure history of t = 2.5 
Ma, the simulated modern concentration for the active layer would be only 3.5 x 108 atoms g-1, a factor of 
2-3 less than the measured inventories (Fig. 10). If this same scenario begins with a higher inherited 
10Bemet concentration of 1 x 109 atoms g-1, the modeled and measured concentrations are comparable. 
Under the end-member melt scenario in which scenario in which the snow pack and active layer both 
become isothermal and all meltwater is transported through the active layer rather than being dispersed as 
surface runoff, fthawed = 1, a burial-exposure history of only 700 ka is required (assuming no inherited 
10Bemet inventory; Fig. 10). 
 While a scenario including an inherited Pliocene 10Bemet inventory may be reasonable for the 
highest elevation sample from what may be a dissected preglacial surface (RAND, 1963; Staiger et al., 
2006), it seems unlikely that the sites in the Barnes Ice Cap region have never experienced glacial  
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Figure 10. Meteoric 10Be modeling results for the more weathered plateaux till deposits with higher 
10Bemet concentrations and the less weathered till deposits with lower 10Bemet concentrations; mean 
concentrations are shown here (see Fig. 9A for a comparison of individual sample concentrations). 
Individual burial-exposure scenarios discussed in the text are numbered: 1 – fthawed = 0.2, tinterglacial = 0.15, t 
= 2.5 Ma, NBe0 = 0 atoms g-1; 2 – fthawed = 0.2, tinterglacial = 0.15, t = 2.5 Ma, NBe0 = 1 x 108 atoms g-1; 3 – 
fthawed = 0.2, tinterglacial = 0.35, t = 1.2 Ma, NBe0 = 0 atoms g-1; 4 – fthawed = 1, tinterglacial = 0.15, t = 500 ka, 
NBe0 = 0 atoms g-1; 5 – fthawed = 0.2, tinterglacial = 0.15, t = 500 ka, NBe0 = 0 atoms g-1; 6 – fthawed = 1, 
tinterglacial = 0.15, t = 200 ka, NBe0 = 0 atoms g-1; 
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erosion. For these other three 10Bemet-rich samples, an active layer with no 10Bemet at 2.5 Ma requires 
scenarios such as fthawed = 0.2 and tinterglacial = 0.35 or fthawed = 0.5 and tinterglacial = 0.15 to produce 
concentrations comparable to those measured (Fig. 10); scenarios involving less than 2.5 Ma require 
unexpectedly high values for fthawed and tinterglacial. If the parameters and assumptions we use in this model 
are correct, these results suggest that the samples with the highest 10Bemet concentrations represent either 
(1) reworked or in situ preglacial regolith or (2) early Pleistocene till that has experienced more exposure 
during interglaciations than expected based on recent glacial-interglacial cycles.  
 The group of interior tills with lower 10Bemet concentrations and CIA values (Table 2 and Figs. 4 
and 9) also requires a residence time at the landscape surface appreciably longer than possible with the 
Holocene deglacial history of the region. Sample M09-B175T, which melted out of basal LIS ice of the 
Barnes Ice Cap within the past decade, has a 10Bemet concentration of 1 x 108 atoms g-1. If this sediment 
was derived from till with no inherited 10Bemet inventory, it would still take more than 5 glacial-
interglacial cycles with tinterglacial = 0.15 and fthawed = 0.2 to accumulate the modern concentration (Fig. 10). 
If fthawed = 1, approximately 10 ka of continuous exposure is required to accumulate the measured 
inventory. Thus, exposure during the past two interglaciations would be required even under this scenario 
for the samples with low 10Bemet concentrations (Fig. 10). We interpret these tills to represent material that 
has been recycled on the Baffin Island landscape by successive glaciations, suggesting that the export of 
sediment entrained by LIS ice from the Baffin Island landscape has been relatively inefficient. The 
moderately high CIA values of the Barnes Ice Cap melt-out till samples discussed above are consistent 
with this interpretation. The 10Bemet concentrations of this till may represent a background concentration 
carried by sediment entrained in LIS outlet glaciers from which the CFF deposits are derived. 
 Finally, we compare these 10Bemet concentrations to measurements made on the CFF glaciogenic 
sediment. Of the 11 samples, only the decay-corrected concentrations of 3 of 4 Aminozone 7 samples are 
significantly higher than the background concentration of the interior tills (Fig. 9A); one sample from 
Aminozone 1 also has a moderately high decay-corrected concentration (ca. 3.3 x 108 atoms g-1). Any 
dilution of the inherited 10Be inventory of entrained sediment by the addition of bedrock-derived fiord 
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erosional products would reduce the measured 10Bemet concentrations. Such high concentrations can best 
be explained by (1) ice-sheet erosion of 10Be-rich regolith from the Baffin Island interior, or (2) prolonged 
post-depositional exposure of Aminozone 7 sediment on the Qivitu Foreland after deposition. In the latter 
scenario, an inherited 10Bemet concentration comparable to the interior till background would require ca. 1 
Ma at the landscape surface with tinterglacial = 0.25. While such a scenario is not necessarily incompatible 
with the CFF chronology (Refsnider et al., in review), the uppermost 2-3 m of Aminozone 7 sediments 
are marine sand and silt overlying the glaciogenic sediment (Nelson, 1982). Thus, the glaciogenic 
sediment would have been frozen for much of its history, preventing 10Bemet infiltration; in addition, the 
great depths would have significantly reduced 10Bemet accumulation. We attribute the high Aminozone 7 
10Bemet concentrations to erosion of preglacial regolith by one of the earliest LIS advances. 
 
3.6. Evaluating the CFF weathering evidence 
 The high 10Bemet concentrations in the oldest CFF glaciogenic sediments contrast with the low 
CIA values and absence of appreciable clay mineral weathering products expected if this sediment was 
derived from preglacial regolith. Glacial erosion comminutes unweathered material to clay-sized grains 
and mixes it with any previously weathered clay-sized material entrained in the basal ice. The addition of 
this freshly eroded material would lower the CIA value and 10Bemet concentration of the bulk sediment. 
The mixing of 1 g of bedrock-derived clay (M10-B012T) with 1 gram of weathered clay with a CIA value 
of 75 (M10-B007T) and a 10Bemet concentration of 4 x 109 atoms g-1 would dilute the CIA value to 58 and 
the 10Bemet concentration to 2 x 109 atoms g-1 (Fig. 9B). Dilution by 2 g of bedrock-derived clay would 
lower the CIA value to 53 and the 10Bemet concentration to 1.3 x 109 atoms g-1. Such dilution could also 
reduce the concentrations of clays produced by chemical weathering to the level where they are not easily 
detectable by XRD. We argue that dilution of weathered plateaux-derived sediment by unweathered 
bedrock-derived sediment from fiord erosion is the most likely explanation for the absence of elevated 
CIA values and vermiculite in the Aminozone 7 glaciogenic sediment. The high decay-corrected 10Bemet 
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concentrations, not accounting for any dilution by fresh, unweathered sediment, are suggestive of 
deposition by one of the first, if not the first, extensive glaciation of Baffin Island.  
 Aminozone 6 sediments, which have a conservative minimum age of 1.2 ± 0.2 Ma (Refsnider et 
al., in review), contain no evidence of eroded regolith. The geochemical and mineralogical compositions 
of all younger CFF glaciogenic sediments are indistinguishable from that of the Aminozone 6 glaciogenic 
sediments. The absence of weathering signals or 10Bemet concentrations above the apparent modern 
plateaux till background concentrations in Aminozone 6 and younger CFF glaciogenic sediments (Fig. 
9A) could be due to (1) the removal of the majority of regolith from the plateaux landscape by glaciations 
prior to the deposition of Aminozone 6 sediment, or (2) dilution of entrained regolith by fresh sediment 
derived from bedrock erosion removing any weathering signal in Aminozone 6 or younger glaciogenic 
sediments. These two scenarios cannot be deconvolved with the available data. However, it is important 
to note that the decay-corrected 10Bemet concentrations in Aminozones 1 to 6 are comparable to the 
modern 10Bemet concentrations in the low-CIA till that our modeling results suggest must have been 
recycled on the landscape over multiple glacial-interglacial cycles. Based on this, the mean Pleistocene 
residence time of this till on the plateaux must have been a minimum of several glacial-interglacial cycles, 
during each of which the sediment was presumably entrained, transported, and redeposited. Thus, 
sediment cover on the unscoured regions of the plateaux has been common during the mid- and Late 
Pleistocene. Observations of modern till in these areas indicate that the thickness of this cover would have 
generally been 1 to 3 m.  
 Our results are relatively similar to those of several studies along the southern LIS margin. In a 
series of tills spanning the Pleistocene, Boellstorff (1973) and Roy et al. (2004) identified mineralogical 
and geochemical changes generally consistent with the progressive stripping of regolith by the LIS, 
although in the latter study, the erosion of saprolite and shale up flow likely influenced the till weathering 
signal. The oldest southern margin tills, all deposited prior to 2 Ma, have 10Bemet concentrations within 
one order of magnitude of the maximum expected preglacial regolith concentrations (Balco, 2004; Roy et 
al., 2004). Younger tills generally have 10Bemet concentrations of approximately an order of magnitude 
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less, an indication that preglacial regolith was efficiently removed by the earliest glaciations. While the 
results of these studies, as well as ours, are consistent with preglacial regolith removal prior to 1 Ma, none 
of the investigations have both a sufficiently complete and precisely dated till record to identify when the 
majority of the regolith in the region had been exported. The till sequence investigated by Roy et al. 
(2004) has no tills dating from between 2.0 and 1.3 Ma, and while our Aminozone 6 glaciogenic deposits 
are most likely ca. 1.6 Ma, they may be as young as 1.2 ± 0.2 Ma. Thus, the nature of LIS erosion and 
preglacial regolith persistence between ca. 2 and 1 Ma, a crucial interval for testing the regolith 
hypothesis, remains poorly documented. 
 
4. CONCLUSIONS 
 Geochemical and mineralogical data from surface tills and colluvium and from stacked 
glaciogenic sediment exposed in coastal cliffs considerably expand our knowledge of the spatial and 
temporal patterns of Pleistocene LIS erosion and dynamics on Baffin Island. There have been no dramatic 
shifts in LIS flow lines across Baffin Island since the Early Pleistocene based on major oxide and 
radiogenic isotope provenance indicators. CIA values, clay mineralogy, and 10Bmet concentrations all 
suggest minimal erosion of upland interfluves in the coastal mountains and along some parts of the 
interior plateaux between the major fiord systems. The 10Bemet concentration in one upland sample is high 
enough to indicate that the surface may represent an incised preglacial landscape that has experienced no 
Pleistocene glacial erosion. Till deposits with low CIA values and till melting out of LIS ice at the base of 
the Barnes Ice Cap have elevated 10Bemet concentrations that are evidence of till recycling during recent 
glaciations. 
 In the coastal CFF glaciogenic deposits, CIA values and clay minerals indicative of a weathered 
source are absent in all aminozones. However, high decay-corrected 10Bemet concentrations in Aminozone 
7, the oldest aminozone, are consistent with ice sheet erosion of preglacial regolith by one of the first, if 
not the first, major ice sheet advance across Baffin Island. The absence of any regolith signature in 
younger aminozones is consistent with the removal of preglacial regolith from the interior plateaux of 
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Baffin Island prior to the MPT. A reasonable minimum age estimate for the Aminozone 6 deposits 
suggests that extensive regolith removal occurred prior to 1.6 ± 0.2 Ma, at least several glacial cycles 
prior to the beginning of the MPT. However, as has been the case for studies of southern LIS margin tills, 
the age distribution and dating precision of younger CFF glaciogenic deposits limits our ability to 
ascertain if deformable regolith remained on the landscape until the onset of the MPT. 
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CHAPTER 7. SUMMARY, SYNTHESIS, AND FUTURE DIRECTIONS: RECONSTRUCTING 
THE EVOLVING EROSION AND FLOW PATTERNS OF THE LAURENTIDE ICE SHEET 
ACROSS BAFFIN ISLAND THROUGH THE QUATERNARY FROM THE PERSPECTIVE OF 
THE MID-PLEISTOCENE TRANSITION 
 
 
1. INTRODUCTION 
Changes in subglacial conditions and the topography of glaciated landscapes on million-year 
timescales have the potential to substantially alter the dynamics of ice sheets (Clark and Pollard, 1998; 
Raymo et al., 2006; Kessler et al., 2008). In this dissertation, I have explored the record of such changes 
over the course of the Pleistocene on Baffin Island with a particular emphasis on constraining the timing 
of regolith removal from the interior plateaux in order to provide an Arctic test of the regolith hypothesis 
for the mid-Pleistocene transition (MPT; Clark and Pollard, 1998). 
Through the course of this research, we investigated a wide variety of archives of glacial erosion. 
Our initial goal was to evaluate the regolith hypothesis using the geochemistry and mineralogy of Plio-
Pleistocene sediments of the Clyde Foreland Formation (CFF) preserved along the Baffin Bay coastline. 
However, the discovery of the extensively weathered glacial deposits on the interior of the island revealed 
a long-term erosional story distant from the coast that revealed an previously unknown Early- to Middle 
Pleistocene change in the basal thermal regime of the Foxe Sector of the Laurentide Ice Sheet (LIS) in 
this region. We also stumbled across abundant subglacially precipitated carbonate deposits, and from 
these, we were able to constrain the timing of extensive glacial erosion and the transition from warm- to 
cold-based conditions during the last glaciation.  
In this final chapter, I summarize the results of this dissertation and integrate the results of each of 
the preceding chapters. The results of these discrete studies frame a consistent and coherent story of Early 
Pleistocene regolith removal and extensive erosion during fiord formation. By the Middle Pleistocene, the 
modern fiord network had been established, and the most efficient fiord systems drew ice away from less 
efficient systems, leading to the expansion of cold-based ice cover on the plateaux. On much of the Baffin 
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Island landscape, with the exceptions of the fiords and onset zones through which ice drained into the 
most mature fiord systems, subsequent glacial erosion has been minimal.  
 
2. BAFFIN ISLAND INTERIOR RECORDS OF PLEISTOCENE GLACIAL EROSION 
Our analysis in Chapter 2 of an extensive till geochemistry dataset from samples collected across 
the interior plateaux of central and northern Baffin Island revealed a strong relationship between the 
cosmogenic radionuclide (CRN) inventory and chemical index of alteration (CIA) values of the sediment. 
Higher CIA values, reflecting higher degrees of weathering, correspond to more extensive exposure-
burial histories resulting from minimal Laurentide Ice Sheet (LIS) erosion locally. The CIA values of the 
till, as well as the content of Foxe Basin-derived carbonate, reveal a spatially coherent pattern of ice-sheet 
erosivity across the interior of Baffin Island. Fiord onset zones, corridors beneath cross-island ice streams, 
and the Foxe Basin coast were subjected to the greatest scouring by ice, in agreement with the 
conclusions of prior studies (e.g., Andrews et al., 1985; Tippett, 1985; Briner et al., 2008).  
The antiquity of the weathered till on the central plateaux, however, had not been predicted 
previously. A simple numerical modeling exercise in which the till CRN inventory evolution, constrained 
by a glacial-interglacial burial-exposure cyclicity reasonable for the region, demonstrates that these tills 
have been present on the landscape surface for more than ca. 1 Ma. Thus, the regions of the Baffin Island 
interior mantled in till with high CIA values have experienced minimal or no erosion since the mid-
Pleistocene transition (MPT; ca. 1.2 to 0.8 Ma; Clark et al., 2006), indicative of prolonged and pervasive 
cover by cold-based ice during all subsequent glaciations.  
We expanded on these findings in Chapter 6 with the acquisition of additional till samples from 
the interior plateaux and colluvium samples from higher elevations in the coastal mountains. The clay 
mineral assemblages of till and colluvium samples characterized by elevated CIA values include abundant 
biotite-vermiculite mixed-layer and vermiculite clays, both produced during the weathering of biotite. 
While clay mineral weathering products had previously been documented on weathered upland surfaces 
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on southern Baffin Island (Andrews and Miller, 1972; Isherwood, 1975; Bockheim, 1979), they had not 
been detected in tills on the interior plateaux.  
Meteoric 10Be (10Bemet) concentrations in near-surface sediment provide another tool to assess the 
residence time of sediment in the active layer on the Baffin Island interior. In Chapter 6, we showed that 
samples from till with elevated CIA values in the Barnes Ice Cap region and colluvium from adjacent to 
highly weathered bedrock exposures along a high fiord rim all have high 10Bemet concentrations consistent 
with either (1) reworked or in situ preglacial regolith or (2) early Pleistocene till that has experienced 
greater exposure during interglaciations than expected based on recent glacial-interglacial cycles. Both 
scenarios are only possible at sites that have experienced minimal or no ice-sheet erosion during the past 
1 Ma or more, further supporting our conclusions of till antiquity from Chapter 2.  
The spatial and temporal pattern of LIS erosional efficiency also provides insight into the 
development of the fiords, as discussed in Chapter 2, and their role in the evolution of ice flow dynamics. 
The presence of weathered tills immediately inland from some fiords led to our hypothesis that the 
development of these fiords primarily occurred prior to 1 Ma, and that subsequently, the piracy of ice 
flow by the most efficient adjacent fiord systems resulted in a major shift in the basal thermal regime of 
the LIS inland from the ‘abandoned’ fiords. Such capture of ice flow is consistent with ice-sheet erosion 
dynamics simulated in the numerical modeling of Kessler et al. (2008). During the last glaciation, the 
most erosive ice on the interior of Baffin Island was feeding ice streams flowing through only the most 
mature fiord systems (De Angelis and Kleman, 2007). The resultant concentration of ice flow in fewer 
outlet systems prior to 1 Ma may have resulted in changes in Foxe Sector ice dynamics that could have 
contributed to the mid-Pleistocene transition. The discovery of such a reorganization of the subglacial 
thermal regime beneath the Foxe Sector of the LIS emphasizes the need to explore a means to evaluate 
whether a similar change occurred beneath the Labrador and Keewatin Domes or if the broad regions of 
cold-based ice present during the last glaciation (Kleman and Glasser, 2007) were present during all 
Pleistocene glaciations. If those larger domes experienced a similar transition, the response of the LIS as a 
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whole would have been similar to that expected in response to regolith removal – a more sluggish ice 
sheet that was unable to respond rapidly to climate forcing (Clark and Pollard, 1998). 
 
3. MINIMIAL EROSION SINCE THE MPT 
As a result of prolonged cover by cold-based ice during glaciations since ca. 1.2 Ma or relatively 
inefficient erosion by warm-based ice, the majority of the interior plateaux and high elevation surfaces in 
the coastal mountains have experienced minimal erosion during recent glaciations; the fiords are the 
exception to this. All geochemical, mineralogical, and palynological data we have acquired and compiled 
support this conclusion. Our interest in the Rimrock Hills carbonate crusts and crack-fill deposits, the 
focus of Chapters 3 and 4, stemmed from the initial discovery and investigation of these carbonate 
deposits by Andrews et al. (1972). These authors concluded that, based upon the presence of early 
Tertiary palynomorphs preserved within the carbonate, the deposits were remnants of a Tertiary 
sedimentary cover. Furthermore, their presence on a summit in the Rimrock Hills implied an inversion of 
topography as a result of Pleistocene glacial erosion. We demonstrated, however, that these deposits and 
similar carbonate crusts on bedrock and till boulders along the margins of the Barnes Ice Cap are 
subglacially precipitated carbonate and were deposited approximately coincidently with the global last 
glacial maximum.  
These subglacial carbonate deposits provide a unique record of glacial erosion in the Barnes Ice 
Cap region. The erosional story told by these deposits pertains specifically to the last glaciation. Our 
interpretation of the morphology and extensiveness of the crack-fill deposits and the oxygen isotopic 
composition of the carbonate crusts in general is that precipitation most likely occurred under wet-based 
conditions rather than exclusively during localized regelation. The implications of this interpretation are 
that (1) during the LGM, conditions were warm-based in this region, but preservation of the fragile crusts 
requires a subsequent transition to cold-based conditions, and (2) ice-sheet erosion in this region during 
the last glaciation, thus, must have occurred prior to the last glacial maximum. 
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 Evidence of relatively inefficient ice-sheet erosion in the Barnes Ice Cap region is found in the 
carbon isotopic composition of the carbonate crusts and the preserved early Tertiary palynomorphs. Based 
on our analysis of the carbon isotopic composition of these crusts and possible carbon sources, we 
concluded that a plant-derived carbon source was required. The inclusion of plant-derived carbon in 
subglacial carbonate precipitation requires the preservation of plant matter from the last interglaciation (or 
prior interglaciations) at the bed of the LIS in this region until the last glacial maximum, implying 
relatively inefficient ice-sheet erosion.  The early Tertiary palynomorphs preserved within the carbonate 
crusts are also present, although rare and poorly preserved, in till melting directly out of the debris-laden 
basal LIS ice of the Barnes Ice Cap. The source of these Tertiary palynomorphs remains enigmatic, but if 
they were derived from a veneer of sedimentary bedrock removed by Pleistocene ice-sheet erosion, their 
presence in modern till suggests that such erosion has been insufficient to completely remove the derived 
sediment from the landscape.  
 Minimal erosion across central Baffin Island during the last few glaciations is also supported by 
additional till geochemical evidence presented in Chapter 6. Elevated CIA values in Barnes Ice Cap 
superglacial melt-out till are indicative of prolonged near-surface residence time of this sediment prior to 
entrainment in LIS ice. Moderately high 10Bemet concentrations in this same superglacial melt-out till 
provide strong evidence that these sediments were present in the active layer during at least several 
interglaciations. One till sample from a highly scoured fiord onset zone also had a moderate 10Bemet 
concentration requiring residence of the same sediment in the active layer during past interglaciations. 
The implication of these geochemical data is that even in areas characterized by low CIA values and 
widespread glacial erosional landforms and features, ice-sheet erosion, sediment entrainment, and 
sediment transport processes have been insufficient to entirely remove surficial sediments from the 
interior plateaux. As a result, this same sediment has recycled through successive glacial cycles. 
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4. COASTAL RECORDS OF GLACIAL EROSION – THE CLYDE FORELAND FORMATION 
AND THE MPT 
 The Plio-Pleistocene CFF sedimentary deposits are the best-suited archives on Baffin Island for 
assessing the timing of preglacial regolith removal and the applicability of the regolith hypothesis for the 
MPT (Clark and Pollard, 1998) to the Foxe Dome of the LIS. As described in Chapter 5, we have 
established the first absolute age framework for the previously undateable CFF glaciomarine and marine 
deposits. Combining new mollusk amino acid racemization (AAR) CFF with an extensive dataset from 
previous studies (Miller et al., 1977; Nelson, 1982; Brigham, 1983; Miller, 1985), we statistically 
redefined the seven CFF aminozones. Using the CRN isochron burial dating method, we established a 
minimum age of 1.15 ± 0.20 Ma for the timing of burial of a paleosol developed atop Aminozone 6. And 
from this, we have developed the first AAR calibration for Arctic Canada, which confirms prior 
inferences that the seven glacial advances recorded by CFF sediments span the Pleistocene (Feyling-
Hanssen, 1985; Miller, 1985). The oldest glaciomarine deposits are Early Pleistocene (or possibly latest 
Pliocene) in age, representing what was likely one of the earliest advances of ice across Baffin Island. 
Aminozone 6 sediments were deposited during the Middle Pleistocene, most likely prior to the MPT, and 
sediments within the youngest three aminozones were most likely all deposited during the Late 
Pleistocene. These are all minimum ages. The CFF represents the most complete known glaciogenic 
sediment record deposited by the LIS along its northern margin. As such, these sediments are the best 
suited in the Arctic to test the Clark and Pollard (1998) regolith hypothesis for the MPT.  
In Chapter 6, we examined geochemical and mineralogical changes in the CFF glaciogenic 
sediments through the Pleistocene to assess the timing of regolith removal from the central plateaux. 
Using the major oxide and trace element geochemistry of these sediments, we demonstrated that ice flow 
patterns across Baffin Island have remained relatively invariant since the Early Pleistocene. None of the 
sediments show any discernable differences or evidence of a weathered provenance in CIA values or clay 
mineralogy. However, the addition of unweathered fine-grained sediment derived from glacial erosion 
within the fiords would dilute such weathering signatures, but 10Bemet concentrations will be less affected 
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by such dilution as we demonstrated in Chapter 6. Aminozone 7 sediments have 10Bemet concentrations 
that, when corrected for radioactive decay, are comparable to those of the highly weathered till and 
colluvium on the interior of the island. All younger aminozones contain decay-corrected 10Bemet 
concentrations similar to those of the relatively unweathered interior tills.  
 We interpreted these results to show that the early advance of LIS across Baffin Island recorded 
in the Aminozone 7 sediments removed a substantial component of the preglacial regolith from the 
interior plateaux. Aminozone 6 sediments are devoid of any evidence of a weathered sediment source 
contribution, so by 1 Ma at the latest, and most likely considerably earlier due to the paleosol burial age 
upon which the AAR calibration is based being a minimum estimate. Thus, we argue that it is unlikely 
that deformable sediment was widespread beneath the LIS as it flowed across Baffin Island immediately 
prior to the onset of the MPT at ca. 1.2 Ma, supporting data from several sites along the southern LIS 
margin. However, the expansion of the areal extent of cold-based ice across central Baffin Island at or 
prior to ca. 1.2 Ma represents a major reorganization of ice flow in the region and provides evidence of a 
change internal to the LIS-landscape system that must be considered among other hypotheses for the 
MPT.  
 
5. WHERE DOES THIS LEAVE US? 
 So what does this dissertation contribute to the general state of knowledge regarding the driving 
mechanism(s) for the MPT? As discussed in Chapter 6, our results are consistent with the results of two 
studies of southern LIS margin glacial deposits that record regolith removal prior to the MPT but provide 
no evidence of regolith persisting until the beginning of the MPT at 1.2, much less for an additional 200-
400 ka during the MPT (Balco, 2004; Roy et al., 2004). That being said, some records of marine isotopic 
geochemistry are characterized by changes across the MPT consistent with increased erosion of fresh 
crystalline basement material (see data compilation in Clark et al., 2006). While these signals are 
consistent with the regolith hypothesis for the MPT, larger scale changes in ocean circulation across the 
MPT (McClymont and Rosell-Melé, 2005; Lawrence et al., 2010) could also have contributed to the 
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evolving isotopic composition of marine water at specific sites. Thus, it is premature to dismiss the 
regolith hypothesis, but it is unlikely that the removal of preglacial regolith alone was responsible for the 
MPT. 
 The transition to 100-ka climate cyclicity was likely related in part to gradually decreasing global 
temperature and orbital parameters (e.g., Ruddiman et al., 1989; Raymo, 1997; Huybers and Wunsch, 
2005; Sosdian and Rosenthal, 2009), but numerical modeling of such scenarios generally requires an 
additional mechanism internal to the climate system to explain the MPT (Huybers and Wunsch, 2005; 
Sosdian and Rosenthal, 2009). A wide variety of mechanisms have been suggested, but to date, none have 
both the ability to explain the observational record and are supported by evidence in geological archives 
(e.g., Clark and Pollard, 1998; Gildor and Tziperman, 2000; Tziperman and Gildor, 2003; Toggweiler, 
2008). The switch from terrestrial- to marine-based ice margins in Antarctica coincident with the MPT, as 
described by Raymo et al. (2006), may have resulted in in both the major Southern and Northern 
Hemisphere ice sheets responding synchronously to orbital forcing. Such a response would have the 
potential to provide a strong internal climate forcing required by the aforementioned models driven by 
cooling or orbital parameters. However, an additional shift in precipitation patterns or subglacial 
conditions may be required to explain the ca. 50% increase in Northern Hemisphere ice volume (Dwyer et 
al., 1995). Changes in atmospheric circulation driven by a modification of low latitude climate across the 
MPT could provide such a mechanism (McClymont and Rosell-Melé, 2005). Thus, it is likely that several 
mechanisms acting in concert led to the MPT, but additional geologic evidence and numerical modeling 
efforts are needed to identify the most likely combinations of mechanism. 
Two aspects of the evolution of the glaciated North American landscape that have not been 
considered in previous studies are (1) changes in the basal thermal regimes of the major ice sheets 
discussed in Chapter 2, and (2) the erosion of the major straits and sounds through which large fluxes of 
ice flowed to calving margins. The expansion of the area of cold-based ice would likely result in a thicker 
and less dynamic ice sheet. Increasing the efficiency of ice transport through the straits and sounds is 
potentially analogous to the effects of Baffin Island fiord development on Foxe Dome ice flow dynamics 
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and could have resulted in a decrease in stability of the LIS, particularly during deglaciations. Whether 
changes in the geometries of these channels could have altered the dynamics and marine isotopic 
geochemical signatures remains an unexplored question. I suggest that more emphasis be placed on 
expanding our understanding of these two aspects of Pleistocene landscape and ice sheet evolution.  
 
6. FUTURE DIRECTIONS OF RESEARCH 
 As is often the case, the research comprising this dissertation seemingly raised more questions 
than it answered. There are 6 different areas that I feel deserve considerable attention. 
 
1. How inefficient is “inefficient” glacial erosion? The apparent inefficiency of LIS erosion across the 
interior plateaux requires further quantification. In situ CRNs 10Be and 26Al, as well as the stable 
cosmogenic nuclide 10Ne, will be an ideally suited combination of tools to assess this question. 
Preliminary measurements and modeling of CRN concentrations in bedrock from around the Barnes Ice 
Cap suggest that the streamlined bedrock still contains a Pliocene CRN inventory. We also have a suite of 
bedrock samples collected from till plains with high CIA values. 
 
2. When and in what manner were the fiords eroded? In Chapter 2, we suggest that the primary geometry 
of the fiord network was established prior to ca. 1 Ma and that some “immature” fiords have experienced 
very little erosion during recent glaciations. We aim to test this using CRNs, and preliminary 
measurements from the onset zone of one such immature fiord show that there was insufficient erosion 
during the last glacial cycle to remove the inherited CRN inventory. 
 
3. Do the concordant surfaces in the coastal mountains represent an incised Pliocene landscape surface? A 
few scattered pieces of data suggest that this may well be the case, but measuring 21Ne concentrations in 
weathered bedrock surfaces and tors will provide the most definitive answer.  
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4. How influential are changes in the dynamics of the Foxe Sector of the LIS on greater LIS dynamics? 
The impact of the expansion of the zones of cold-based ice discussed in Chapter 2, the incision of fiords 
into the coastal mountains, the development of cross-shelf troughs in Baffin Bay, and the deepening of 
larger troughs northwest and southeast of Baffin Bay remains unexplored.  
 
5. We believe our use of 10Bemet on Baffin Island represents the first application of this tool to permafrost 
landscapes. The relative simplicity of modeling nuclide accumulation in the active layer and the wide 
range of nuclide concentrations we measured demonstrates that there are a variety additional problems 
that may be addressed with this system, so additional exploration of pertinent 10Bemet systematics in Arctic 
landscapes would be helpful. 
 
6. A reassessment of the microfossil record of the Clyde Foreland Formation should be conducted in light 
of the new absolute chronology for the Clyde Foreland Formation. The foraminifera record is quite rich, 
and this would be a relatively easy task for someone familiar with Arctic and Subarctic fauna since 
extensive counts have already been performed by Feyling-Hanssen (1976a, 1976b, 1980, 1985). 
 
7. Are there means to assess the long-term erosional efficiency and basal thermal conditions beneath the 
Keewatin and Labrador Domes of the LIS? Were these areas dominantly covered by cold-based ice 
during glaciations since the Pliocene, or did the areal extent of warm-based ice decrease sometime during 
the Pleistocene? 
 
8. What is the volume of glaciogenic sediment in Baffin Bay? Can this be partitioned to Baffin Island, 
Greenland, and higher latitude sources? Does this sediment volume correspond to the observed glacial 
erosion in the region? 
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Proximal glaciomarine sediment sample
Sediment sample for microfossil analysis
Mollusk sample
Sediment sample for cosmogenic radionuclide analysis
Cobbly sand, rounded clasts
Cobbly sand, angular clasts
Pebbly sand, rounded clasts
Pebbly sand, angular clasts
Diamicton
Sand - massive
Sand - horizontally bedded
Sand - trough crossbeds
Silty sand
Sandy silt
Sandy clayey silt
Clayey silt
Silty clay or clay
Planar crossbeds
Mollusk fossils
Boulders
APPENDIX 1: CLYDE FORELAND - CLYDE FORELAND FORMATION
SECTION DESCRIPTIONS, SAMPLING LOCATIONS, AND STRATIGRAPHIC
CORRELATIONS
LEGEND
Approximate aminozone boundaries (in section descriptions)*
Uncertain or assumed stratigraphic correlation (between sections)**
Observed stratigraphic correlations (between sections)**
All measurements are given in meters above sea level
* The focus of this study was to identify in what aminozone the till and proximal glaciomarine
   deposits belong, so the aminozone boundaries within each section description are in most cases
   approximations.
** See supplemental files for stratigraphic correlations between individual sections 
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TABLE A1.1. CLYDE FORELAND COASTAL SECTION LOCATIONS
KAR Profile Previous studied sectiona Latitude (°) Longitude (°)
1 Near FH IV, Miller 6 70.68492 -74.91735
2 FH VII 70.65726 -74.78754
3 FH II 70.69696 -74.97704
4 FH IV, Miller 6 70.69071 -74.93852
5 Miller 2 70.70833 -75.03349
6 Mode 103 70.62846 -74.63676
7/33 FH XXVI 70.60020 -74.44941
8 FH XXII, Miller 8, Mode 94 70.61308 -74.53554
9 Mode 99 70.61113 -74.51842
10 Mode 97 70.60781 -74.49052
11 70.67471 -74.87686
12 Near FH III 70.69517 -74.95799
13 70.69615 -74.96566
14 70.68385 -74.91115
15 70.68044 -74.90250
16 70.69337 -74.95024
17 70.70468 -75.01516
18 70.70719 -75.02850
19 70.67303 -74.86786
20 70.66848 -74.84464
21 70.66703 -74.83545
22 70.66469 -74.81996
23 70.66469 -74.81996
24 70.66032 -74.79776
25 FH X 70.64296 -74.72427
26 Mode 98 70.60922 -74.49952
27 FH XIII 70.61032 -74.50837
28 FH  XXII, Miller 8 70.61386 -74.53828
29 Mode 93 70.61527 -74.54977
30 FH XXV, Mode 117 70.61102 -74.46911
31 Mode 114 70.60300 -74.46144
32 Miller 9 70.60058 -74.45023
33/7 FH XXVI 70.60020 -74.44941
34 70.59815 -74.43943
35 70.59705 -74.43345
36 70.59575 -74.42695
37 Mode 63 70.59037 -74.40066
38 70.59417 -74.41902
39 70.59522 -74.42516
40 70.62582 -74.62303
41 70.62611 -74.62697
42 70.62704 -74.63216
43 FH XV 70.62210 -74.60509
44 Miller 10 70.57627 -74.35497
a FH - Feyling-Hanssen (1976b); Mode - Mode (1980); Miller - Miller et
  al. (1977)
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TABLE A1.2. QIVITU FORELAND CLYDE FORELAND FORMATION SECTION AND SAMPLE LOCATIONS
Sample IDa Aminozoneb KAR Section # Nelson section #c Height (m a.s.l.) Latitude (°) Longitude (°)
KAR09-1-1 2? 1 5 24 68.03438 -65.09840
KAR09-2-1 5 2 6 15 68.03718 -65.09633
KAR09-2-2 5 2 6 14.8 68.03718 -65.09633
KAR09-2-P1 5 or 6 2 6 14.5 68.03718 -65.09633
KAR09-3-1 5 3 8 10 68.04017 -65.08941
KAR09-3-F1 2 3 8 19 68.04017 -65.08941
KAR09-3-P1 2 3 8 19 68.04017 -65.08941
KAR09-4-1 7 4 near 1, to north 6.6 68.02530 -65.10455
KAR09-4-2 7 4 near 1 4 68.02530 -65.10455
KAR09-4-3 7 4 near 1 7 68.02530 -65.10455
KAR09-5-1 6 5 1 9.3 68.02801 -65.10365
KAR09-5-2 6 5 1 8.5 68.02801 -65.10365
KAR09-5-3 6 5 1 7.9 68.02801 -65.10365
KAR09-5-4 6 5 1 7.5 68.02801 -65.10365
KAR09-5-5 7 5 1 5 68.02801 -65.10365
KAR09-5-6 7 5 1 4 68.02801 -65.10365
KAR09-5-7 6 5 1 13 68.02801 -65.10365
KAR09-5-8 6 5 1 13.7 68.02801 -65.10365
KAR09-5-9 5 5 1 18.2 68.02801 -65.10365
KAR09-5-10 5 5 1 19 68.02801 -65.10365
KAR09-5-11 5 5 1 20.8 68.02801 -65.10365
KAR09-5-12 2 5 1 26 68.02801 -65.10365
KAR09-5-13 2 5 1 28 68.02801 -65.10365
KAR09-6-1 5 6 150m south of 1 15.5 68.02725 -65.10269
KAR09-7-1 5 7 3, 4 17.5 68.02783 -67.48874
KAR09-7-2 6 7 3, 4 9.2 68.02783 -67.48874
KAR09-7-3 6 7 3, 4 8.1 68.02783 -67.48874
KAR09-7-4 7 7 3, 4 6 68.02783 -67.48874
KAR09-7-5 6 7 3, 4 11.1 68.02783 -67.48874
KAR09-8-1 2 8 between 2 & 3 33 68.02966 -65.10039
KAR09-9-1 7 9 near 5 0 68.03347 -65.10120
KAR09-9-2 5 9 near 5 15.5 68.03347 -65.10120
KAR09-9-3 6 9 near 5 9.2 68.03347 -65.10120
KAR09-9-4 7 9 near 5 6 68.03347 -65.10120
KAR09-10-1 5 10 near 5 16 68.03462 -65.09941
KAR09-10-2 6 10 near 5 15 68.03462 -65.09941
KAR09-10-F1 5 10 near 5 16.5 68.03462 -65.09941
KAR09-10-F2 6 10 near 5 14.5 68.03462 -65.09941
KAR09-11-1 6 11 near 7 4 68.03901 -65.09293
KAR09-11-2 5? 11 near 7 11.5 68.03901 -65.09293
KAR09-11-3 5? 11 near 7 10.5 68.03901 -65.09293
KAR09-11-4 6 11 near 7 6 68.03901 -65.09293
KAR09-11-5 6 11 near 7 4.8 68.03901 -65.09293
KAR09-11-6 6 11 near 7 2.8 68.03901 -65.09293
KAR09-11-7 2 11 near 7 19 68.03901 -65.09293
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KAR09-11-8 2 11 near 7 18.1 68.03901 -65.09293
KAR09-11-F1 2 11 near 7 17 68.03901 -65.09293
KAR09-12-1 2 12 near 12 17 68.04177 -65.06541
KAR09-12-2 2 12 near 12 16 68.04177 -65.06541
KAR09-12-3 6 12 near 12 6 68.04177 -65.06541
KAR09-12-4 6 12 near 12 5 68.04177 -65.06541
KAR09-12-F1 6 12 near 12 5 68.04177 -65.06541
KAR09-13-1 ? 13 - 46 68.01951 -65.09677
KAR09-13-2 ? 13 - 43.5 68.01951 -65.09677
KAR09-13-F1 ? 13 - 46 68.01951 -65.09677
KAR09-13-F2 ? 13 - 43.5 68.01951 -65.09677
KAR09-14-1 2 14 between 30 & 31 15 68.04396 -64.99092
KAR09-14-2 3 14 between 30 & 32 9 68.04396 -64.99092
KAR09-14-3 3 14 between 30 & 33 8.2 68.04396 -64.99092
KAR09-14-4 4 14 between 30 & 34 4.2 68.04396 -64.99092
KAR09-14-5 4 14 between 30 & 35 3.8 68.04396 -64.99092
KAR09-14-F1 4 14 between 30 & 36 3 68.04396 -64.99092
KAR09-15-1 1 or 2 15 38 8 68.04013 -64.95077
KAR09-15-2 3 15 38 6.5 68.04013 -64.95077
KAR09-15-3 3 or 4 15 38 4.5 68.04013 -64.95077
KAR09-15-F1 3 15 38 7 68.04013 -64.95077
KAR09-16-1 1 16 37 8.4 68.04035 -64.95410
KAR09-16-2 1 16 37 7.8 68.04035 -64.95410
KAR09-16-O1 1 16 37 8.1 68.04035 -64.95410
KAR09-16-F1 1 16 37 8.2 68.04035 -64.95410
KAR09-17-1 2? 17 near 37 8.4 0.00000 -67.48874
KAR09-17-2 3? 17 near 37 5.5 0.00000 -67.48874
KAR09-18-1 1? 18 near 46 4.9 67.98549 -64.74641
KAR09-18-2 1? 18 near 46 4.8 67.98549 -64.74641
KAR09-18-3 3? 18 near 46 4 67.98549 -64.74641
KAR09-18-O1 3? 18 near 46 4.5 67.98549 -64.74641
KAR09-19-1 1 19 51? 8.4 67.96143 -64.74422
KAR09-19-2 1 19 51? 7 67.96143 -64.74422
KAR09-19-3 2 19 51? 5.4 67.96143 -64.74422
KAR09-19-F1 2 19 51? 5.8 67.96143 -64.74422
KAR09-20-1 1 20 between 51 & 50 8.1 67.96084 -64.74702
KAR09-20-2 1 20 between 51 & 51 7.5 67.96084 -64.74702
KAR09-20-3 2 20 between 51 & 52 5.5 67.96084 -64.74702
KAR09-20-4 2 20 between 51 & 53 5 67.96084 -64.74702
KAR09-21-1 1 or 2 21 between 51 & 54 4.7 67.95965 -64.75166
KAR09-21-2 1 or 2 21 between 51 & 55 3 67.95965 -64.75166
KAR09-21-3 1 or 2 21 between 51 & 56 4.5 67.95965 -64.75166
KAR09-22-1 1 22 50 9.2 67.96843 -64.73476
KAR09-22-2 2 22 50 5.5 67.96843 -64.73476
KAR09-22-3 3 22 50 4 67.96843 -64.73476
KAR09-22-4 2 22 50 6 67.96843 -64.73476
KAR09-22-F1 3 22 50 3.8 67.96843 -64.73476
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KAR10-25-1 ? 25 - 5 67.94344 -64.83526
KAR10-25-2 ? 25 - 7 67.94344 -64.83526
KAR10-27-O1 4 or 5 27 near 45, KAR 16 4 68.00417 -64.81018
KAR10-28-1 5 28 near 45, KAR 16 2 68.00383 -64.80799
KAR10-28-O1 5 28 near 45, KAR 16 3 68.00383 -64.80799
KAR10-29-1 6 29 9 8.1 68.04272 -65.08501
KAR10-29-2 6 29 9 6.5 68.04272 -65.08501
KAR10-29-3 7 29 9 1.6 68.04272 -65.08501
KAR10-29-4 6 29 9 5 68.04272 -65.08501
KAR10-29-F1 6 29 9 6.3 68.04272 -65.08501
KAR10-30-1 7 30 near 9 4 68.04366 -65.07806
KAR10-30-2 7 30 near 9 3.5 68.04366 -65.07806
KAR10-30-F1 7 30 near 9 3.7 68.04366 -65.07806
KAR10-31-F1 3 31 10 12 68.04383 -65.07358
KAR10-32-1 6 32 between 10, 11 5.8 68.04384 -65.06779
KAR10-32-2 6 32 between 10, 11 4.5 68.04384 -65.06779
KAR10-32-3 5 or 6 32 between 10, 11 8.5 68.04384 -65.06779
KAR10-33-1 5 33 12 6 68.04404 -65.06494
KAR10-33-2 2 33 12 18.7 68.04404 -65.06494
KAR10-33-3 6 33 12 4.2 68.04404 -65.06494
KAR10-33-4 2 33 12 18.9 68.04404 -65.06494
KAR10-34-O1 1 34 near KAR16, 37 9 68.04224 -64.95478
KAR10-35-1 2 or 3 35 21 10 68.04730 -65.02110
KAR10-35-2 2 or 3 35 21 9 68.04730 -65.02110
KAR10-36-1 2 36 between 20,21 11.7 68.04740 -65.02426
KAR10-36-2 2 36 between 20,21 10 68.04740 -65.02426
KAR10-36-3 3 36 between 20,21 6.9 68.04740 -65.02426
KAR10-36-4 5 36 between 20,21 5.9 68.04740 -65.02426
KAR10-36-5 5 36 between 20,21 5 68.04740 -65.02426
KAR10-37-1 3 37 19 8 68.04680 -65.03003
KAR10-37-2 5 37 19 6 68.04680 -65.03003
KAR10-37-F1 5 37 19 4 68.04680 -65.03003
KAR10-37-F2 5 37 19 2.5 68.04680 -65.03003
KAR10-38-1 2 or 3 38 18 12.6 68.04624 -65.03317
KAR10-38-2 3 38 18 11.1 68.04624 -65.03317
KAR10-38-3 3 38 18 8.4 68.04624 -65.03317
KAR10-38-4 5 38 18 5 68.04624 -65.03317
KAR10-38-5 5 38 18 3.5 68.04624 -65.03317
KAR10-38-6 5 38 18 4.4 68.04624 -65.03317
KAR10-39-1 3 39 16 12.6 68.04575 -65.04496
KAR10-39-2 3 39 16 12.3 68.04575 -65.04496
KAR10-39-3 5 39 16 8.5 68.04575 -65.04496
KAR10-39-4 6 39 16 4.2 68.04575 -65.04496
KAR10-40-1 6 40 1, KAR 5 8.7 68.03003 -65.10233
KAR10-40-2 6 40 1, KAR 5 7.7 68.03003 -65.10233
KAR10-40-3 6 40 1, KAR 5 7 68.03003 -65.10233
KAR10-40-4 7 40 1, KAR 5 6.5 68.03003 -65.10233
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KAR10-40-5 7 40 1, KAR 5 4 68.03003 -65.10233
KAR10-40-6 7 40 1, KAR 5 3 68.03003 -65.10233
KAR10-41-1cc 4 41 between 30,31 5 68.04608 -64.99157
KAR10-41-2cc 4 41 between 30,31 4.5 68.04608 -64.99157
KAR10-41-3cc 4 41 between 30,31 4.5 68.04608 -64.99157
KAR10-41-4cc 4 41 between 30,31 4.5 68.04608 -64.99157
KAR10-41-5cc 4 41 between 30,31 4.5 68.04608 -64.99157
KAR10-41-6cc 4 41 between 30,31 beach 68.04608 -64.99157
KAR10-43-1 3 43 47 5.2 67.98373 -64.73257
KAR10-43-2 3 or 4 43 47 3 67.98373 -64.73257
KAR10-43-3 3 or 4 43 47 2.7 67.98373 -64.73257
a Final alphanumeric code in sample ID: -# - Sediment sample; -#F - Mollusk sample; -#O - Organic debris sample; 
   -#P - Sediment sample formicropaleontological analysis; -#cc - Carbonate coated clasts
b Based on aminostratigraphy of Nelson (1979; 1982) and additional amino acid racemization data (Chapter 5)
c From Nelson (1979)
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Drift 4? Cobbly sand, very little silt
Drift 3? Cobbly sand, very little silt
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KAR Profile 11
KAR08-11-6
KAR08-11-5 
KAR08-11-6
KAR08-11-F3
KAR08-11-P1
KAR08-11-F4
KAR08-11-P2
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(tentative correlations to XXIII)
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Yellow sand
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Drift 1
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Deformed sand
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Stratigraphic correlations uncertain
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Paleosol
Deformed sand and gravel
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Drift 1-2?
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Aminozone 2
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APPENDIX 2. SUPPLEMENTARY FILES AVAILABLE ELECTRONICALLY1 
 
 
Supplementary Table 1. Baffin Island till, colluvium, and Clyde Foreland Formation glaciogenic sediment 
geochemistry data 
 
Supplementary Table 2. Baffin Island till, colluvium, and Clyde Foreland Formation x-ray diffraction raw 
data 
 
Supplementary Table 3. Baffin Island till, colluvium, and Clyde Foreland Formation x-ray diffraction 
mineralogy quantitative phase analysis results  
 
Supplementary Figure 1. Clyde Foreland - Clyde Foreland Formation Stratigraphic correlations of 
proximal glaciomarine/till deposits and other marker beds 
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